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Protein drug development is a risky, lengthy and expensive process. Accordingly, 
there are significant time and cost implications for stakeholders regardless of the 
stage at which a prospective candidate is discontinued. Mitigating this risk 
depends critically on making informed decisions as early as possible during the 
process. Some of the most indispensable decision-making aids are analytical 
techniques used in the characterisation of protein stability. Protein stability is a 
multifaceted and crucial determinant for progressing a candidate through 
development to commercialisation. The inherent complexity of proteins, the 
evolving pipeline of engineered protein constructs, as well as limitations of current 
techniques place a demand for the expansion and development of more analytical 
probes for protein stability.  
This thesis focuses on the development of Raman spectroscopy and 2D-correlation 
analysis (2DCA) for monitoring conformational stability during early protein drug 
development. Although Raman spectroscopy has been used for many decades to 
study protein conformational changes in proteins; it is highly underutilized during 
protein drug development, owing partly to the complexity of Raman protein 
spectra. 2DCA is a mathematical technique that can significantly improve the 
v 
visualization of and clarify the interpretation of complicated spectral features 
arising from an applied perturbation. The specificity of 2DCA in extracting such 
spectral variations directly linked to a perturbation is apt for protein stability 
testing, where the identification of a protein’s response to stress is pivotal. 
In this work, we demonstrate this combined technique as a sensitive means of 
distinguishing the conformational stability profiles of proteins under an applied 
perturbation on the basis of post-translation modification, metal-ligand and 
surface charge mutation. In all cases, we show that the technique is capable of 
informing the choice of the most stable candidate and or conditions, even where 
subtle differences exist.  
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Protein-based therapeutics continue to account for the highest number of 
approved biopharmaceuticals (Walsh, 2014, Agyei et al., 2017, Walsh, 2018). The 
high specificity and efficacy of these products (including antibodies, enzymes, 
fusion proteins and interferons) often provide life-saving options for patients with 
complex and chronic diseases, such as cancer, autoimmune disorders, diabetes, 
inflammatory conditions, and neurological diseases. Alongside health benefits, 
their sales have been attended with notable success (Walsh, 2014, Walsh, 2018). 
Despite these positive outcomes, the time and cost of research and development 
(R&D) remain a considerable challenge (Kannt and Wieland, 2016). On average, it 
takes between 10-15 years for a drug to reach the market and costs $2.6 billion for 
R&D (PhRMA, 2016). A major reason for this high cost is that the structural 
complexity of protein molecules is delicately linked to their stability and activity, 
thus making their development a more rigorous and expensive process compared 
to smaller chemical entities (Lagassé et al., 2017).  
In the United Kingdom, high costs of biopharmaceuticals place pressure on the 
National Health Service (NHS) budget, limiting affordability and wider access to 
patients (NHS, 2017, Russell et al., 2018). The recent introduction of biosimilars (a 
drug with a similar biological structure to an already licensed drug) is promising 
with respect to reducing individual drug cost and widening patient access in the 
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NHS (Aladul et al., 2017). However, a significant cost burden still resides in the 
initial drug development stage (Samanen, 2013). 
Characterising a protein’s conformational stability during drug development is a 
critical element of developability assessment. Developability assessment is aimed 
at early de-risking of the drug development process and focuses on minimizing the 
chance that a drug candidate will fail to reach the market (Saxena et al., 2009, Yang 
et al., 2013). There is considerable potential for cost savings if such 
characterisation can be reliably carried out at an early stage before huge 
investments are made (DiMasi, 2002, Zurdo, 2013) because development costs 
influence the overall setting of a company’s drug prices, whether or not a 
particular drug eventually reaches the market (DiMasi et al., 2003, Samanen, 
2013). Therefore, developing analytical techniques that assist in making early 
decisions about the feasibility of developing and formulating a new protein 
molecule can influence the reduction of R&D costs and wastage during production.  
Raman spectroscopy can identify and monitor protein conformational changes in 
a non-destructive manner. Its utility over a wide concentration range can obviate 
the need for empirical extrapolation in the context of high dose protein 
formulations, which generally have to be diluted to lower concentrations using 
most of the current routine techniques including Ultraviolet (UV) spectroscopy, 
Circular dichroism (CD), and Fluorescence spectroscopy (Lewis et al., 2014, Zhou 
et al., 2015). Raman spectroscopy is also particularly suited for the study of 
aqueous biological samples compared to Infrared (IR) spectroscopy due to 
reduced water interference in the spectra (Lewis et al., 2014, Manning, 2005). The 
flexibility of applying Raman spectroscopy to examine different sample states and 
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concentrations can potentially be used to provide a conformational stability 
profile using a single technique from early drug development through to market. 
Although the use of different techniques to probe a distinct aspect of stability is 
advantageous in obtaining complementary information, there is a possibility of 
obtaining a fragmented stability profile if a technique cannot be used when the 
sample is in a different form or state (Filipe et al., 2013).  
In view of these advantages, Raman spectroscopy is attractive as a routine 
technique for monitoring protein conformational stability during protein drug 
development. However, the complexity of data obtained from studies of proteins 
can be challenging to analyse, requiring an appropriate choice of data 
preprocessing methods and chemometric tools (Buckley and Ryder, 2017). 
Standard chemometric techniques for analysing protein Raman data include 
principal component analysis (PCA) (Thiagarajan et al., 2015, Hernández-Vidales 
et al., 2019, Schack et al., 2019), partial least squares regression (Brewster et al., 
2011, Lewis et al., 2014) and multivariate curve resolution-alternating least 
squares (Ota et al., 2016, Noothalapati et al., 2017). The preference of a data 
analysis method depends on the experimental design and consequently, the nature 
of acquired data. In the context of stability testing, data analysis methods that 
specifically relate the spectral changes to the applied stress are desirable. One 
versatile technique that has been applied to condense and interpret perturbation-
induced spectral data is 2D-correlation analysis (2DCA).  
2DCA is a versatile mathematical technique that can be applied to enhance the 
visualization and aid interpretation of data generated under the influence of a 
designated perturbation (Noda, 1993). Its specific advantages include delineating 
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overlapped peaks, clarifying peak assignments, and improving spectral resolution 
due to spreading the peaks over a second dimension (Noda, 1990). Several studies 
have demonstrated the potential of combining 2DCA and Raman spectroscopy to 
study conformational changes in proteins (section 1.7). However, this joint 
technique is yet to be developed for the analysis of conformational stability during 
early protein drug development.  
1.2 Aim and Objectives 
The main aim of this project is to develop the application of Raman spectroscopy 
combined with two-dimensional correlation analysis to characterise protein 
conformational stability under varying pH, temperature, storage and agitation 
conditions during early drug development. Samples of model proteins shall 
initially be investigated using Raman spectroscopy to determine and compare 
their conformational stability under specific environmental conditions. The model 
proteins are examined in pairs, each sample in a pair slightly differing from the 
other due to a specific chemical moiety. 2DCA shall be subsequently applied to the 
Raman data to uniquely analyse perturbation induced changes in the spectra of 
each pair of proteins. The same procedure will then be applied to a therapeutically 
relevant protein and its variants. 
1.3 Thesis Overview 
The subsequent sections of this introductory chapter will discuss protein 
conformational stability and Raman spectroscopy as well as its application to the 
study of protein structure and stability. In chapter 2, the materials and methods 
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are discussed. In chapter 3, the techniques are applied to understand the influence 
of post-translational modification on the stability of an intrinsically unfolded 
model protein. Chapter 4 covers the application of the techniques to the study of 
the influence of a ligand on the stability of a model protein with a well-defined 
folded structure. Chapter 5 will discuss the study of a therapeutically relevant 
protein molecule and four of its mutants in different buffers and sample states. 
Chapter 6 shall cover the introduction of a variant form of Raman spectroscopy, 
Ultraviolet Resonance Raman spectroscopy (UVRRS) and 2DCA to examine the 
samples studied in chapter 5. Finally, chapter 7 will cover general discussion and 
future work. 
1.4 Protein Conformational Stability 
The conformation of a protein denotes the specific three-dimensional shape which 
a protein assumes when it is folded (Price, 2000, Creighton, 2010). This 
conformation is stabilized by a number of weak interactions including hydrogen 
bonding, hydrophobic interactions, electrostatic interactions and Van der Waals’ 
forces (Fersht, 1999, Price and Nairn, 2009). The disruption of these forces under 
environmental conditions such as exposure to solvent, temperature and pH, can 
result in a change in the conformation of a protein and subsequent denaturation 
(Murphy, 2001, Franks, 1993).  
Consequently, the preservation of a protein’s active conformation is well 
understood to be crucial in maintaining its normal biological function. In living 
systems, the conditions that make such preservation possible are in-built and 
managed by well-designed mechanisms. In contrast, proteins which are expressed 
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in other hosts or synthesized chemically do not have such homeostatic controls 
and therefore require a different approach to maintain the stability of their active 
conformation (Franks, 1993, Price, 2000). This approach requires a thorough 
understanding of the protein structure as well as the range of environmental 
conditions in which its stability is maintained.  
Protein conformational stability can be defined as the free energy change (∆G) that 
occurs in the reaction between the folded and unfolded forms of a protein (Figure 
1.1).  
 
Figure 1.1 Schematic depicting funnel-shaped protein folding energy landscape and free 
energy change (∆G). Figure adapted from Houde and Berkowitz (2014). 
 
The typical value for this is approximately 20-60 kJ mol-1; thus, there is only a 
narrow stability margin between folded and unfolded forms (Pace et al., 1996, 
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Huyghues-Despointes et al., 2001). In both the folded and unfolded forms, the 
concept of a single stable conformation is far removed from the complex and 
dynamic nature of the three-dimensional protein structure. A group of 
conformations exists, and in fact, at any point, a stable protein in solution will 
contain a mixture of folded and even some unfolded conformations (Price, 2000, 
Houde and Berkowitz, 2014, Kazlauskas, 2018). Therefore, the challenge is to 
stabilize this group of conformations such that the protein continues to maintain 
its structure and function.  
Surmounting this challenge is crucial during drug development and 
manufacturing, where a protein may undergo conformational changes during 
processes such as purification, freeze-drying, formulation, storage and 
transportation (Ejima et al., 2007, Wang, 1999, Berkowitz et al., 2012). Such 
conformational changes may not only result in product instability and loss of 
activity but in immunogenic reactions, which could be life-threatening (Wang, 
1999, Jiskoot et al., 1999). Furthermore, the protein itself could undergo covalent 
(chemical) structural changes involving fragmentation and more commonly, post-
translation modification (PTM). The most common PTM encountered in the 
manufacture of protein drugs is glycosylation. However, the structure and stability 
of the protein drug could also be affected by less frequently encountered PTMs 
such as carboxylation, amidation, and oxidation (Walsh, 2010). Whilst much 
progress has been made in identifying PTMs presence using mass spectrometry 
and related techniques, the influence of a PTM on a protein’s conformation is yet 
to be fully understood (Berkowitz et al., 2012). 
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Identifying changes to protein conformation during drug development typically 
involves stress testing to identify changes in the folding/unfolding status (Tamizi 
and Jouyban, 2016, Chang and Hershenson, 2002). Stress testing establishes a 
baseline for the stable form of a functioning protein and then assesses any 
deviations from that fingerprint. Whereas ∆G provides insight into the intactness 
of the folded state, it does not provide information about structural changes that 
are occurring in the protein (Huyghues-Despointes et al., 2001). Assessing 
conformational stability, as used in this thesis, refers to variations in protein 
higher-order structure (HOS) which can indirectly provide information about 
changes in a protein’s three-dimensional shape (conformation).  
The current methods of monitoring changes in HOS during the development of 
protein drugs are well described by Houde and Berkowitz (2014). A tool kit 
comprising different techniques with varying sensitivity limits and operating 
modes is used for this process. Many of these techniques fall into their ‘standard’ 
category because they can be used rapidly and routinely during development. The 
authors emphasize that the use of multiple techniques is advantageous not only to 
increase the chances of detecting a change in conformation but also in identifying 
the unique contribution of each technique. Furthermore, where the information 
from techniques overlap, the consistency of results can serve as a useful 
confirmation of a specific quality.  
Due to the innate complexity of protein structure, limitations of current techniques 
as well as the development of diverse engineered protein constructs, there is an 
ongoing need to expand and develop this toolbox to meet the challenge of 
characterising protein drug conformational stability (Jorgensen et al., 2013, Zurdo, 
9 
2013, Houde and Berkowitz, 2014). A reliable assessment of protein 
conformational stability has implications for vital procedures such as candidate 
selection, optimization, compatibility and comparability studies. 
1.5 Raman Spectroscopy  
1.5.1  The Raman Effect 
About 9 decades ago, Raman and Krishan (1928) demonstrated the Raman effect 
in very unrefined conditions. They focused sunlight using a telescope on to several 
liquid and vapour samples and used complementary light-filters (blue-violet and 
yellow-green) to extinguish the light passing through the sample. By placing a 
yellow filter between the sample and the detector (human eye), they observed that 
the track of light reappeared thus, demonstrating a light scattering effect.  
 
Figure 1.2 Schematic showing elastic (Rayleigh) and inelastic (Raman) scattering. Image 
adapted from Smith and Dent (2005). 
 
The Raman effect refers to the inelastic scattering of light when light (photons) 
interacts with a molecule, channelling energy to it (Long, 2002, Ferraro et al., 
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2003). This energy is not directly absorbed but causes a distortion of the electron 
cloud of the molecule and its transition to a virtual state. The virtual state is a 
highly unstable, transient union between the light and the molecule; and ceases to 
exist when the energy is released as scattered light in all directions. Only about 1 
in 106 photons are scattered inelastically, making Raman scattering a weak 
process. In addition to receiving energy, molecules can also behave as an 
independent source of radiation and influence the scattering process by 
transferring energy to the scattered photons (Smith and Dent, 2005, Long, 2002). 
Inelastic scattering occurs when the vibrational energy of the molecule is altered 
during the scattering process (Figure 1.2). Where the photons are scattered with 
a lesser energy than the incident radiation, it is termed Stokes scattering. On the 
other hand, when scattered photons have a higher energy, the process is referred 
to as anti-Stokes scattering. Stokes scattering is routinely used for Raman 
spectroscopic analysis because it occurs more frequently than anti-Stokes 
scattering. The higher intensity is due to a higher proportion of molecules existing 
in the ground state and not an excited vibrational state at room temperature 
(Smith and Dent, 2005, Vandenabeele, 2013). Anti-Stokes scattering may be used 
for studies conducted at higher temperatures where a higher proportion of 
molecules will possess a raised vibrational energy or in other related Raman 
techniques such as coherent anti-Stokes scattering Raman spectroscopy. If the 
energy of the molecules remains unchanged, the scattering process is elastic 
(Rayleigh scattering). This elasticity arises from a distortion of the electron cloud 
in the absence of any nuclear displacement. Compared to Stokes and anti-Stokes 
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scattering, Rayleigh scattering is a stronger and more dominant scattering process 
(Smith and Dent, 2005). 
1.5.2 Types and Modes of Vibrations 
There are two main types of vibrations, stretching and bending vibrations 
(Chalmers and Dent, 1997, Günzler and Gremlich, 2002, Stuart, 2004). Stretching 
involves movement along the bond axis and may lengthen or shorten the distance 




Figure 1.3 Vibrational modes for methylene group. Image adapted from Pavia et al. 
(2009).  
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These vibrations can further be divided into in-plane and out-of-plane for bending 
vibrations and symmetric and asymmetric stretch for stretching vibrations, as 
shown in Figure 1.3. The number of vibrations a molecule can undergo depends 
on the number of atoms and the number of degrees of freedom (Ferraro et al., 
2003, Smith and Dent, 2005). 
1.5.3 Raman Spectroscopy of Proteins  
A protein Raman spectrum (Figure 1.4) links the vibrations that occur in a protein 




Figure 1.4 Averaged (n=6) Raman spectrum of 10 mg/ml Ribonuclease A (RNase A) dried 
film. Preprocessing was carried out by baseline correction, normalization and smoothing. 
Raman spectrum was collected in 10s using an excitation wavelength of 785 nm. 
Assignments are listed in Table 1.1.  
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These correlations between the vibrations and structural elements are referred to 
as assignments. These assignments are based on theoretical vibrational mode 
calculations, validated with experimental results from peptide related model 
compounds such as N-methylacetamide; amino acids and peptides (Miyazawa et 
al., 1958, Jansen et al., 2006, Hernández et al., 2016, Schweitzer-Stenner, 2001). 
Proteins comprise one or more polypeptide chains, and their structure is defined 
in levels of hierarchy and complexity. The simplest or blueprint structure is that of 
the amino acids linked in a linear sequence by peptide bonds. The next level refers 
to the secondary structure, which is the local spatial conformation of the 
polypeptide backbone, excluding the side chain (Fersht, 1999). The most common 
secondary structures are the α-helices and β-sheets. The third level is the tertiary 
structure, which is a three-dimensional shape of all peptide atoms in relation to 
one another. This shape enables bonding between groups that would not 
otherwise come in contact (Walsh, 2002). Quaternary structures refer to the final 
specific arrangement of the subunits (polypeptide chains) or monomers that 
constitute a protein. Two other structures in this hierarchy system are domains 
and super-secondary structures (Lesk, 2001). Domains are tightly folded sub-
regions of a single polypeptide. They are structurally distinct and are made up of 
structural motifs, also referred to as super secondary structures. Super secondary 
structures involve an interaction between regions of secondary structures which 
are in proximity in the sequence (Lesk, 2001, Littlechild, 2013). Protein Raman 
vibrations can broadly be grouped into polypeptide backbone and sidechain 
vibrations.  
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The vibrational modes that are commonly used for structural analysis are the 
amide I (1600-1700 cm-1) and amide III (1200-1340 cm-1) bands in the 
polypeptide backbone region as well as the modes from aromatic amino acids and 
disulfide bonds (Spiro and Gaber, 1977, Tuma, 2005). The amide bands relate to 
the peptide bonds. Amide I region is assigned to C=O stretching of carbonyl groups 
while the amide III region is assigned to NH bending and C-N stretching modes 
(Lord and Yu, 1970, Wen, 2007). Side-chain peaks mainly include aromatic 
residues: Trp, Phe and Tyr. Spectral changes including peak intensities, peak shifts 
or peak shape can be linked with specific vibrational modes identifying variations 
in secondary, and side-chain structure, and consequently the conformational 
stability of a protein. 
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Table 1.1 Common protein structure assignments from Raman spectra
Peak (cm-1) Assignment References 
505/510/516 S-S stretch  (Chen and Lord, 1976, Yu and 
Jo, 1973) 
640 Tyr (Chen and Lord, 1976, Maiti et 
al., 2004) 
760 Trp, indole ring vibrations (Chen et al., 1973, Liang et al., 
2006) 
830 Tyr, in-plane ring breathing 
motion 
(Hernández et al., 2016) 
850 Tyr, C-H out of plane bending (Hernández et al., 2016) 
830/850 Tyr Fermi doublet (Siamwiza et al., 1975) 
880 Sidechain/indole ring 
vibration 
(Miura et al., 1988, Kitagawa et 
al., 1979) 
930 α-helix, N-C𝛼-C stretch (Monti et al., 1998, Beattie et 
al., 2008) 
940 α-helix, C-C-N stretching (Frushour and Koenig, 1974, 
Nonaka et al., 1993) 
980 Phosphate stretch (Zhang et al., 2005, Ashton et 
al., 2011). 
1003 Phe (Lord and Yu, 1970, Hernández 
et al., 2013) 
1030 Phe (Chen and Lord, 1976, 
Hernández et al., 2013) 
1065 C-C stretch, Asp, Glu, Lys (Vohník et al., 1998, Durig et al., 
1987) 
1124 Trp, C-N stretch (Takeuchi, 2003) 
1173 Tyr (Lord and Yu, 1970, Hernández 
et al., 2016) 
1208 Tyr (Hernández et al., 2016) 
1237 β-sheet (Amide III- NH 
deformation with C-N stretch 
(Li and Li, 2009, Lippert et al., 
1976, Yu et al., 1972) 
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1250 Disordered structure (Ashton et al., 2007, Jarvis et al., 
2007) 
1262 α-helix, Amide III/C-N 
stretching and NH in-plane 
bending 
(Lee and Krimm, 1998, Chen 
and Lord, 1974) 
1315 α-helix (Tsuboi et al., 2000, Rygula et 
al., 2013) 
1337 Trp, α-helix (Tsuboi et al., 2000, Rygula et 
al., 2013) 
1415 Ionization of carboxyl side 
chains 
(Lord and Yu, 1970) 
1447 CH2 deformation (Chen et al., 1973, Mangialardo 
et al., 2012) 
1460 Proline side chain (Jordan et al., 1996) 
1550 Trp (Miura et al., 1989, Takeuchi, 
2003) 
1615 Tyr (Maiti et al., 2004, Hernández 
et al., 2016) 
1600 Tyr/Phe (Mangialardo et al., 2012, 
Hernández et al., 2016) 
1640 H-O-H bending (Lord and Yu, 1970, Byler et al., 
1988) 
1660 Disordered structure (amide I) (Pelton and McLean, 2000, 
Rygula et al., 2013)  
1667 β-sheet (amide I) (Shao et al., 1999, Maiti et al., 
2004)  
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1.6 2D-Correlation Analysis (2DCA) 
Two-dimensional correlation analysis was first proposed by Isao Noda (1986) as 
being applicable to IR spectroscopy; however, its application was later extended 
to other forms of spectroscopy and beyond spectroscopy (Noda, 1986, Noda, 
1993). This approach was known as generalised two-dimensional spectroscopy at 
the time but is now just referred to as 2D-correlation spectroscopy or 2D-
correlation analysis. In the last three decades, there have been significant 
advances in the types of 2DCA available including, projection 2D-correlation; 
hetero-correlation analysis; concatenated 2D-correlation; sample-sample 
correlation, moving windows, perturbation correlation moving windows, scaling 
moving–windows, 2D-codistribution, quadrature 2D correlation and two trace 2D 
correlation analysis (Noda, 2014a, Park et al., 2016b, Park et al., 2018).  
2DCA is an adaptable technique applied to enhance the visualization and aid 
interpretation of spectral data generated under the influence of a defined 
perturbation (Noda, 1993, Noda et al., 2000). A variety of perturbations can be 
used provided that the perturbation can induce an observable spectral variation 
(Noda, 1993). Applied perturbations may be static such as temperature, 
concentration and pressure or dynamic, including chemical or biological reactions 
and exposure to stimuli (Noda and Ozaki, 2005, Park et al., 2016b). Although the 
source of electromagnetic radiation is not limited to any spectroscopic method or 
the field of spectroscopy, spectroscopic methods still dominate the applications of 
2DCA. A survey of the analytical probes used in 461 2DCA studies revealed that 
61% used IR spectroscopy; 10% used Raman spectroscopy; 9% used Near-IR 
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spectroscopy; 9% used Nuclear magnetic resonance spectroscopy (NMR) and 
miscellaneous techniques accounted for the rest (Noda, 2014a). This trend 
continues to be reflected in more recent surveys (Park et al., 2016b, Park et al., 
2018). There is also a considerable versatility in the fields of application of 2DCA 
comprising but not limited to the study of food products, chemicals, biological 
materials, polymers and plant metabolites (Noda and Marcott, 2002, Molenda et 
al., 2005, Geitner et al., 2015, Baranska et al., 2006, Ashton et al., 2008). 
1.6.1  2DCA Theory 
The general operation of 2DCA is displayed in Figure 1.5. Electromagnetic 
radiation via an analytical probe is applied to a sample or system. 
 
 
Figure 1.5 Schematic showing a general operation of 2D-correlation analysis. Image 
adapted from Noda (1993) and Noda (2012).
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 A designated perturbation is applied simultaneously to the same system to 
generate a response which is captured in the dynamic spectra. A dynamic spectrum 
characterises the fluctuations in the spectral signals selectively induced by the 
applied perturbation to the system. 2DCA is then applied to the dynamic spectra to 
generate the synchronous and asynchronous plots (Noda, 1993, Noda and Ozaki, 
2005). The synchronous plot captures similar spectral responses as a result of the 
perturbation, whereas the asynchronous plot represents dissimilar responses as a 
result of the perturbation. These responses are plotted as a function of two 
independent wavenumbers. The dynamic spectrum ỹ (ν, t)  can be obtained, as 
shown in equation 1.1. where  ӯ(𝑣) is the reference spectrum. 
 
 
The reference spectrum is usually an average or the ground state spectrum. It may 
also be set at zero depending on the type of 2DCA. Setting it at zero is useful for 
mathematical consistency. However, an average spectrum has been reported to be 
a more accurate representation, especially when the specific physical origin of the 
dynamic spectrum is unknown (Noda, 1993, Noda and Ozaki, 2005). The formula 




𝑦(𝑣, 𝑡) − ӯ(𝑣) for 𝑇𝑚𝑖𝑛 ≤ 𝑡 ≤ 𝑇𝑚𝑎𝑥








where 𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛 is the interval between the highest and lowest variable (e.g. time, 
pressure, temperature) and 𝑦(𝑣, 𝑡)= spectral intensity variation 












  (1.3)  
Φ (ν1 ν2) and іψω (ν1, ν2) represent the synchronous and asynchronous correlation 
intensities while  Ỹ1(𝜔)𝑎𝑛𝑑 Ỹ2
∗
(𝜔)
 are the forward Fourier transform and conjugate 
of the Fourier transform of ỹ (ν1, t) and y (ν2,t) respectively. y  (ν1, t) and y  (ν2, t) 
correspond to the spectral intensity variations observed at given spectral variables 
ν1 and ν2 (Noda, 1993).  
1.6.2 Synchronous Plot 
The synchronous plot is the real component of the 2D-correlation function (Noda, 
1993, Noda and Ozaki, 2005). The synchronous plot shows the degree of similarity 




∫ 𝑦(𝑣, 𝑡) 𝑑𝑡
𝑇𝑚𝑎𝑥
𝑇𝑚𝑖𝑛
  (1.2)   
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wavenumbers (𝜈1, 𝜈2). It has a diagonal line where ν1=ν2. The peaks that occur on 
the diagonal are referred to as autopeaks, and those occurring on either side of the 
diagonal are known as cross peaks. As the plot is symmetric along the diagonal, 
the cross peaks on one side of the diagonal have the reverse co-ordinates of those 
on the opposite side. A schematic is shown in Figure 1.6. 
 
Figure 1.6 Schematic showing synchronous and asynchronous plots. Shaded contours 
indicate negative cross peaks and unshaded contours indicate positive cross peaks. 
Positive cross peaks indicate two wavenumbers with perturbation induced intensity 
changes in the same direction (increasing or decreasing together). Negative cross peaks 
indicate two wavenumbers with perturbation induced intensity changes in opposite 
directions (one increasing and the other decreasing Contours labelled A are autopeaks 
while contours labelled C, are cross peaks. 
 
An autopeak always has a positive magnitude and reveals the degree of spectral 
intensity variation at a specific spectral wavenumber. A plot of the values of the 
autopeaks is referred to as an autocorrelation plot. A high intensity autopeak 
implies a significant amount of change in that spectral region and vice versa. An 
autocorrelation plot is a useful tool for extracting an overview of perturbation 
induced changes across the full data set. Cross peaks indicate co-ordinated 
22 
spectral changes observed at two different spectral variables, 𝜈1 and 𝜈2. The sign 
of a cross peak can either be positive or negative. It is positive if the spectral 
intensities at the two spectral wavenumbers corresponding to the coordinates of 
the cross peak are both increasing or decreasing as a function of the external 
perturbation. It is negative if one of the spectral intensities is decreasing, and the 
other is increasing (Noda, 1993, Noda et al., 2000). 
1.6.3 Asynchronous Plot 
The asynchronous plot is the imaginary component of the 2D-correlation function 
(Noda, 1993). It shows the degree of dissimilarity between two distinct spectral 
intensity variations occurring at two independent wavenumbers (𝜈1, 𝜈2). It has no 
autopeaks, only cross peaks. A schematic is also shown in Figure 1.6. These cross 
peaks only appear if the spectral changes occurring at distinct spectral variables 
are different. This feature is useful for differentiating overlapping bands (Noda, 
1993, Noda and Ozaki, 2005). The interpretation of the asynchronous spectrum 
requires a knowledge of the sign of the corresponding cross peak in the 
synchronous spectrum. If a spectral intensity change occurs predominantly at 𝜈1 
before 𝜈2, the sign of the associated cross peaks in both the synchronous and 
asynchronous plots are the same. If the reverse occurs, the cross peak signs are 
different (Noda, 1986, Noda, 2012). If the spectral intensity change occurs 
simultaneously at 𝜈1 and 𝜈2, only synchronous cross peaks will be observed. The 
order of spectral intensity change is indeterminate in cases where only an 
asynchronous relative intensity is observed with no corresponding synchronous 
cross peaks. These rules that govern the interpretation of sequential order 
intensity changes are known as Noda’s rules. The usefulness of these rules 
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depends on the extent to which the cross peaks in both the synchronous and 
asynchronous plots can be identified and interpreted. The occurrence of multiple 
trends or the complexity of the data such as the formation of intermediates species, 
overlapped responses may result in 2DCA plots with weak and congested cross 
peaks making it challenging to interpret the sequential order of intensity changes 
unambiguously (Ashton and Blanch, 2010, Noda, 2014b). 
Furthermore, Noda’s rules are limited to determining the sequential order of 
intensity changes. They do not account for the sequential order of the population 
of contributing species which can provide more insight into the mechanisms 
associated with the formation, or disappearances of species or structures (Noda, 
2014b, Noda, 2016a). Two recent 2DCA techniques seek to address these 
problems. The first is the merged correlation spectrum combines the synchronous 
and asynchronous plot with the advantage of an improved resolution as well as a 
straightforward interpretation of the sequential order intensity variations (Noda, 
2016). The second is the two-dimensional co-distribution spectroscopy which 
helps to identify the order in which distinct populations of species appear (Noda, 
2014b). The benefits of these two techniques are yet to be widely explored for 
general applications as well as in the context of protein research. 
1.6.4 Two-Dimensional Perturbation-Correlation Moving-
Windows (2DPCMW) 
A more extensively used 2DCA method that attempts to overcome the complexity 
of interpreting congested 2DCA plots is the two-dimensional perturbation-
correlation moving-windows (2DPCMW). 2DPCMW is a 2D-correlation technique 
used to monitor spectral variations along the perturbation axis. It directly relates 
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the spectral intensity change to a variation in perturbation (Morita, 2006). 
2DPCMW builds on an earlier 2DCA technique, two-dimensional moving windows 
analysis (2DMW) which involves dividing the data set into a number of small 
sections referred to as windows (Thomas and Richardson, 2000). For example, in 
a data set of 15 spectra using a window size of 4, spectra will be grouped into 1st-
4th; 2nd-5th; 3rd-6th; 4th-7th; 5th–8th and 6th-9th until all spectra fit. This segmentation 
is particularly useful in the study of complex protein data where  determination of 
the direction of sequential intensity changes are unclear or challenging to follow 
(Noda, 2017). 2DMW analysis creates a moving window to distinguish spectral 
intensity changes across the perturbation axis. However, the resulting plot does 
not indicate the direction in which the spectral intensity is changing.  
 
Figure 1.7 Schematic showing a 2DPCMW plot. Positive contours are shaded in red while 
negative contours are shaded in blue. Positive contours indicate increasing peak 
intensities in the direction of the perturbation while negative contours indicate 
decreasing peak intensities in relation to the perturbation. A darker shade and an 
increased number of contours indicate a relatively greater change in intensity. The scale 
on the colour bar is arbitrary.  
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Furthermore, the 2DMW requires careful mathematical adjustments to separately 
describe synchronous and synchronous correlation intensities (Morita, 2006). 
2DPCMW creates a similar moving window but uniquely incorporates the 
synchronous and asynchronous aspects of the 2D-correlation function, thereby 
maintaining the central concept of the 2D-correlation analysis in addition to 
relating the direction of spectral intensity changes to the perturbation (Morita, 
2006, Lee, 2017). A 2DPCMW synchronous plot provides insight into how spectral 
changes relate to the applied perturbation whilst the 2DPCMW asynchronous plot 
gives a more accurate indication of the transition points in a data set (Noda, 2017). 
The smaller identified regions can then be further analysed using the synchronous 
and asynchronous plots. A schematic of a 2DPCMW contour map plotted as the 
average window perturbation against the wavenumber is shown in Figure 1.7.  
From the outlined 2DCA techniques and in general, 2DCA may be viewed as 
comprising a range of tools that can be selected and applied alone or in 
combination based on a working knowledge of any intrinsic limitations and 
according to user requirements. 
1.7 Protein Studies  
Proteins are the most commonly investigated biomolecule using 2DCA (Park et al., 
2018). The enhanced visualisation of spectral changes that can be achieved using 
2DCA is particularly attractive for the elucidation of the complex and intricate 
structural changes that may occur as part of a proteins’ response to an applied 
perturbation (Noda, 2017, Wu et al., 2018). One of the earliest protein 2DCA and 
Raman spectroscopic study examined changes in the secondary structure of β-
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lactoglobulin as a result of increasing concentration. Using 2DCA, they identified 
and proposed assignments for overlapped peaks in the amide III region (1200-
1340 cm-1). Furthermore, from the asynchronous plots, it was possible to identify 
the sequential order of intensity changes corresponding to the secondary 
structural elements. These results were consistent with the 2DCA and IR 
spectroscopy findings in the same study (Jung et al., 2000). Another concentration-
related study investigated the concentration-dependent entanglement of the 
glycoprotein, mucin. They identified an essential residue involved in the 
entanglement transition using spectral variations analysed with 2DPCMW (Ashton 
et al., 2013a). This observation was in agreement with previous studies using the 
considerably higher resolution technique, NMR (Coltart et al., 2002). Although it 
would be advantageous to use a high-resolution technique, NMR is not routinely 
used in the monitoring of protein structure during drug development due to 
constraints including long processing times and low size limits of ~25kDa 
(Arzhantsev et al., 2012, Houde and Berkowitz, 2014).  
There have also been a few studies investigating transition states and 
intermediates in proteins and polypeptides. A study involving silk fibroin 
identified the optimum quantity of calcium and pH necessary to produce 
conformations of silk I, II and their intermediates (Zhou et al., 2004). Ashton and 
Blanch (2010) identified three pH-induced transition states in α-lactalbumin 
utilizing Raman spectroscopy and 2DMW. However, a later study by Park et al. 
(2016a) identified only two transition states for α-lactalbumin; pH (1-3) 
corresponding to the acid state and pH (4-7) corresponding to the native state.  
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In the former study, 2DMW which is plotted as the average window pH versus 
wavenumber was used to identify three transition states while in the latter study, 
a PCA scores plot as a function of pH was used to identify the transition states. The 
point of transition from the acid to native-state as deduced from the PCA scores 
plot was pH 3.5 which corresponds to the beginning of the middle transition 
point (~pH 3.6-4.6) identified by Ashton and Blanch (2010). The identification of 
this intermediate transition state by the moving windows plot shows the potential 
of 2DCA to identify subtle spectral variations. The presence of three transition 
states has also been confirmed by vibrational circular dichroism (VCD) 2D 
gradient mapping (Ryu et al., 2012). 
In contrast to their fluorescence spectroscopic identification of one transition state 
for RNase A, Brewster et al. (2013) confirmed the presence of two transitions 
states in the amide I region of RNase A using 2DMW and Raman spectroscopy. The 
2DMW results also provided more clarity about the number of transition states in 
RNase A compared to the folding curves obtained from Raman spectra alone.  
Although most of the documented studies have involved model proteins, there 
have been a few involving more complex proteins such as antibodies and heme 
proteins which have more physiologic and or therapeutic relevance. Lu et al. 
(2014) monitored the concentration of methaemoglobin in blood in varying 
concentrations. Their Raman spectra showed differences between high, medium 
and low concentrations. However, by using 2DCA, peaks not evident from the 
Raman spectra were identified and assigned to the change from haemoglobin to 
methaemoglobin. Gömez De La Cuesta et al. (2014) studied temperature-induced 
aggregation in antibodies with varying aggregation tendencies. Despite the low 
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signal to noise ratio of the acquired Raman spectra, their use of 2DPCMW enabled 
the identification of sample variations linked to conformational transitions and 
aggregation. 
The outlined studies demonstrated the capacity of 2DCA and Raman spectroscopy 
to probe and interpret dynamic structural changes of proteins primarily in a 
homogenous environment. Beyond the complexity that proteins possess, 
biopharmaceuticals require formulation into a heterogeneous system. Therefore, 
it is expected that some of the Raman spectral variations may arise from non-
protein constituents in the sample environment. This challenge has been 
highlighted in the monitoring of a recombinant antibody production using 
Ultraviolet Resonance Raman spectroscopy (UVRR) and 2DMW. The spectra 
showed peaks of various components in the changing cell medium, making it 
difficult to follow changes in the main protein component (Ashton et al., 2013b). 
However, by the application of 2DMW, it was possible to relate the spectral 
variations to time as well as identify changes in protein and nucleic acid bands thus 
demonstrating the role of 2DCA in the visualization of complex spectra. 
1.8 Conclusion 
The complexity of protein structure and its marginal stability remains a challenge 
to protein drug development. There is a demand to continue developing analytical 
techniques that address these constraints. As discussed, protein vibrations 
detected by Raman spectroscopy can provide insight concerning structural 
variations arising from an applied perturbation. The application of 2DCA is 
uniquely designed to identify and extract such changes even when they are not 
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apparent from visual observation of the spectra. While 2DCA has been used for 
over two decades to study proteins, the novelty of this research is the investigation 
of its specific application in combination with Raman spectroscopy as a 
conformational stability screening tool during early protein drug development.  
This project seeks to develop this technique to meet the analytical demands of 
monitoring protein conformational stability in the biopharmaceutical industry. 
A thorough understanding of the theory of the 2DCA technique, as well as the 
analytical probe (Raman spectroscopy), is required to arrive at the correct 
interpretation of the data and subsequent conclusions. Furthermore, their 
application in any new context might present challenges that need to be resolved 
as part of developing the technique.  
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2 Materials and Methods 
2.1 Samples 
Two groups of protein samples were investigated in this study. The first group 
(chapter 3 and 4) was made of four model proteins purchased as lyophilised 
powders from Sigma Aldrich and used without further purification. The samples 
were dissolved in deionized or Milli-Q water and examined as dried films or 
solutions. The second group (chapter 5 and 6) comprised of five therapeutically 
relevant samples (liquid and freeze-dried) and three buffers of varying pH 
obtained from CIMEMT, UCL London. The freeze-dried samples required no 
additional preparation while the liquid samples were prepared by mixing in buffer 
or water to obtain the desired concentration.  
2.2 Raman Spectra  
2.2.1 Dried Films 
Spectra of the proteins were collected using a Renishaw inVia Raman microscope 
(Renishaw plc, Wotton-Under Edge, UK) coupled with excitation wavelengths of 
532 or 785 nm and a x50 objective. Diffraction gratings were 1200 and 2400 l/mm 
for the 532 and 785 nm lasers respectively. Wavelength calibration was performed 
using a 1s static spectrum of a silicon wafer centred at ~520 ± 0.5 cm-1.  
5 μl of aqueous protein solutions were spotted onto a calcium fluoride window and 
left to dry at room temperature for 2 hours. Spotting was repeated once over the 
previous area to increase the amount of sample on the window. Spectra were 
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collected from varying points across the dried film. The spectral parameters for 
each sample are described in the respective chapters. 
2.2.2 Solutions  
All Raman spectra were collected using the previously stated Renishaw inVia 
confocal Raman microscope, coupled to an excitation wavelength of 785 nm. 
Instrument calibration was performed as described in section 2.2.1. For the pH, 
studies, spectra of aqueous protein solutions (400 μl) were obtained using a 96-
well quartz plate and a long-distance x15 objective. Exposure time was 5s with 360 
accumulations (total collection time of 30 min) and ~60 mW laser power at the 
source. The parameters for the temperature-dependent Raman spectra and UVRR 
spectra are described in the respective chapters. 
2.3 Data Preprocessing 
It was necessary to perform various preprocessing procedures on the raw data to 
reduce the influence of interfering effects making the data more suitable for 
analysis. Furthermore, preprocessing methods have been shown to improve the 
quality of 2DCA plots significantly, making them clearer to interpret (Ashton et al., 
2008). Most of the procedures were carried out using MATLAB R2016a. Water 
subtraction, calculation of peak height and scaling value were performed using 
Microsoft Excel 2010. Cosmic rays were first removed from the spectra using the 
WiRE 4.2 software (Renishaw Plc) before any further preprocessing. The order 
used for the application of the remaining preprocessing methods was decided by 
trialling a combination of methods in different sequences and observing their 
effect on the data set. 
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Figure 2.1 Preprocessing sequences trialled for the Raman spectra of dried film protein 
samples (A) Raw (B) baseline correction, smoothing and normalisation (C) smoothing, 
normalisation and baseline correction (D) baseline correction, normalisation and 
smoothing. 
 
Although there is no fixed method for deciding on the order to preprocess a set of 
data, the order used may influence the results (Lasch, 2012, Engel et al., 2013). It 
is therefore essential to consider how a preprocessing method or the order of 
application may affect the final interpretation of the data.  
Despite being a subjective approach, visual inspection is the most commonly used 
method due to ease and accessibility (Lasch, 2012, Engel et al., 2013). However, 
the volume of the data could make it impracticable to observe subtle variations in 
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the data. Visual inspection was performed after each preprocessing step to 
ascertain the degree of spectral overlap and identify any artefacts or differences in 
spectra.  
For the dried film sample spectra, at least three different sequences of 
preprocessing methods (normalization, baseline correction and smoothing) 
produced very similar effects (Figure 2.1). The final order chosen was, baseline 
correction, normalization, smoothing and averaging. Similar trials were also 
performed for the solution spectra. However, the effect on the data proved to be 
more sequence-dependent than in the case of the dried film samples. Therefore, 
unless otherwise stated elsewhere in this thesis, the final preprocessing order for 
the solution spectra was baseline correction, smoothing, followed by 
normalization, water subtraction, further baseline correction and averaging. 
2.3.1 Baseline Correction 
Baseline correction was performed with asymmetric least squares (Eilers and 
Boelens, 2005) to reduce the effects of background interference in the spectra. In 
the case of solutions, it was observed that baseline correction was the preferred 
first step because the uniform baseline resulted in minimal adjustments of the 
water spectral intensities before water subtraction (Figure 2.2A and 2.2B). Further 
baseline subtraction was performed after water subtraction to reduce baseline 
variations following water subtraction. Additional baseline subtraction has also 
been shown to enhance the clarity of the 2D-correlation plots (Ashton et al., 2008).  
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2.3.2 Smoothing 
The smoothing procedure was carried out using a fast-smoothing function (Haver, 
2006) to reduce the noise present in spectra. For the solution spectra, smoothing 
followed by normalization also proved a suitable option because it was easier to 
determine the peak intensity range after smoothing of the spectra rather than 
before smoothing is applied (Figure 2.2C and D). 
 
 
Figure 2.2 Preprocessing sequence for solution spectra before water subtraction (A) Raw 
(B) baseline corrected (C) baseline corrected and smoothed (D) baseline corrected, 
smoothed and normalised to ~1447cm-1. 
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2.3.3 Normalisation  
Normalization was carried by scaling the peak height at ~1447 cm-1 assigned to 
methylene deformation (Table1.1). Peak heights were calculated from the 
difference in maximum and minimum peak intensities. Scaling of spectral 
intensities allows spectra possessing varying intensities due to instrumental 
fluctuations to be compared objectively. The peak at ~1447 cm-1 is a widely used 
choice for normalisation because it is reported to be minimally influenced by 
peptide backbone conformation due to its association with amino acid sidechain 
structure, external to the peptide backbone (Church et al., 1998, Schlücker et al., 
2006, de Vasconcelos Nasser Caetano et al., 2017). The standard normal variate 
(SNV) method of normalisation discussed in section 6.2.3 was also used in this 
study. For the water samples, only baseline correction and smoothing were 
applied. The water spectra were excluded from the normalisation procedure 
because they do not have the ~1447 cm-1 peak. 
2.3.4 Water Subtraction 
Water subtraction was carried out in order to remove the solvent contribution to 
the spectra. Although water has a weak Raman effect, it gives a broad peak at 
~1640 cm-1 in biological samples (Lord and Yu, 1970, Maeda and Kitano, 1995, 
Smith and Dent, 2005). The high proportion of water compared to proteins in low 
concentrated solutions makes it difficult to observe other spectral features arising 
from proteins peaks in the same region (Figure 2.3A and 2.3C). For water 
subtraction to be effectively carried out, the appropriate intensity of the water 
spectrum to be subtracted must be determined. Due to experimental limitations 
36 
or the intrinsic nature of the protein solution, the peak intensity at ~1640 cm-1 
could vary between the protein and the water spectra. 
 
Figure 2.3 Water subtraction from the Raman spectra of αs-casein (10 mg/ml) in water. 
(A) αs-casein and pure water with similar peak intensities at ~1640 cm-1 (B) αs-casein in 
water less 95 and 100% of water spectrum (C) αs-casein and pure water with varying peak 
intensities at ~1640 cm-1 (D) αs-casein in water less 100 and 105% of water spectrum. 
 
If the peak intensity at ~1640 cm-1 varies slightly between the protein and water 
spectrum, the water spectrum may be subtracted without any adjustments. In 
Figure 2.3A, the αs-casein and water spectrum have similar peak intensities at 
~1640 cm-1. Subtracting the entire water spectrum without adjustments produced 
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a spectrum that revealed the formerly obscure peaks at ~1550, 1615 and 1667 cm-
1 (Figure 2.3B). Subtracting a reduced amount of the water spectrum (95%) 
produces a spectrum with an increased baseline at ~1615 and 1667 cm-1 (Figure 
2.3B). If the peak intensity at ~1640 cm-1 varies considerably between the protein 
and water spectra, then the maximum intensities of the water spectrum are 
adjusted depending on whether the water spectrum has the lower or higher 
intensity. In Figure 2.3C, the water spectrum has a lower peak intensity at ~1640 
cm-1 compared to the same peak in the protein spectrum. In this case, a higher 
amount of the water spectrum (105%) was subtracted (Figure 2.3D). By 
subtracting an increased proportion of the water spectrum (105%), it can be 
observed that the resulting spectrum has peaks at ~1615 and 1667 cm-1 with 
lower intensities and a baseline that is uniform to that of other peaks in the 
spectrum. Despite further baseline correction after water subtraction, intensity 
variations were commonly observed above ~1600 cm-1. These fluctuations were 
easily minimized by repeating the water subtraction and using the intensity of the 
αs-casein~1615 cm-1 peak (or for other samples any of the peaks between ~1600-
1615 cm-1) as a marker to ensure uniform subtractions not only for a set of repeat 
spectra but across the entire data set. 
An alternative to the adjustments made to the water spectrum would be to 
normalise the protein and water spectra to the ~1640 cm-1 peak. However, this is 
not an attractive option because as seen in Figure 2.3B and 2.3D, there are hidden 
peaks in this region of the protein spectra. Consequently, such normalization could 
compromise the observation of any spectral variations arising from these peaks.  
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2.4 Temperature 
2.4.1 Linkam Temperature Stage 
For the temperature investigations, the samples were heated from ~28 to 65 °C, 
and a spectrum was simultaneously acquired at defined temperature points. 
Heating and temperature control were achieved using a Linkam stage (THMS600), 
Linkam scientific instruments Ltd, Waterfield, Epsom, UK). It was necessary to 
adapt the original sample holder for the Linkam stage due to evaporation and 
condensation observed during heating. The occurrence of these processes in the 
limited volume of liquid in the sample holder (200 μl), led to the sample not being 
retained long enough for spectral acquisition throughout the experiment.  
 
 
Figure 2.4 Photograph of adapted Linkam temperature stage (THMS600). Insulated 3ml 
sealed cuvette is placed on the Linkam stage on the Renishaw invia Raman microscope 
stage under a long-distance objective. Thermocouple (green cable) is inserted into the 
cuvette.  
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In order to overcome these challenges, quartz cuvettes with volumes ranging from 
500-1000 μl were sealed using insulation tapes and trialled as sample holders. The 
heating surface area was maximised by placing the cuvette in a horizontal position. 
Although this approach solved the issues of evaporation and condensation, it 
introduced a longer heating time due to the increased volume and the exposure of 
the metal plate to ambient temperature. Furthermore, the sealing of cuvettes using 
insulation tapes did not prevent leakage of the sample. Keeping the cuvette in an 
upright position would have overcome the leakage problem, but this position 
would limit the heated area of the cuvette. The final option was to use a 3 ml 
cuvette with a screw lid. The cuvette was placed in a stainless-steel holder covered 
with insulated foam secured by tape, as shown in Figure 2.4. The main drawback 
of this arrangement was a further prolongation of the heating time, making it 
challenging to obtain temperatures above 65 °C. 
2.4.2 Calibration of Temperature Stage 
For calibration, the cuvette containing Milli-Q water was positioned on the 
temperature stage and placed under the microscope in the Raman spectrometer 
(Figure 2.4). A spectrum of the sample was collected at ~20 °C before the 
temperature stage setting was ramped from ~28 to 104 °C at a rate of ~0.5 °C per 
min. A thermocouple (Oko Lab) was inserted into the liquid to measure its 
temperature for the entire duration of the experiment. Initial holding time was 30 
mins at ~28 °C and 15 mins at subsequent temperatures. After the holding period, 
a single spectrum was collected at the same temperature for 30 mins.  
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The calibration curve is shown in Figure 2.5. It is linear but shows increasing 
standard deviations of up to ± 2.4 °C at higher temperatures. The increased 
variation is likely due to a more significant influence of the ambient temperature 
at a high temperatures in the adapted set-up.  
Although this observation could have negative implications for reproducibility, 
this study was deemed feasible because the investigation involved the comparison 
of sample responses across the temperature range and not necessarily a focus on 
specific structural changes observed at a single temperature. 
 
 
Figure 2.5 Calibration curve for the Linkam temperature stage (THMS600). Graph values 
are the mean of four repeats. Error bars represent mean standard deviation values. 
Sample temperatures ranged from 26-65 °C.  
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2.5 2D-Correlation Analysis (2DCA) 
2.5.1 Interpolation 
The computation method of the 2DCA technique requires the perturbation range 
to vary in steps with fixed increments (Noda & Ozaki, 2005). The perturbation 
range for each sample used in this study is unevenly spaced and so, does not meet 
this criterion. Therefore, an interpolation procedure (Savitzky-Golay spline 
estimation) was performed on the preprocessed data using MATLAB R2016a to 
modify the data to an evenly spaced one. This procedure assumes that the 
perturbed system undergoes minimal changes across the intervals between the 
original data points (Ashton et al., 2008). If these intervals are large, this 
assumption may become somewhat unreliable. In this experiment, significant 
variations in spectral intensity were not observed between sample intervals; 
hence, it was appropriate to use the interpolation procedure. The interpolated 
data steps for each sample are detailed in the respective chapters. 
2.5.2  Synchronous, Asynchronous and 2DPCMW plots. 
2D shige software developed by Prof. Shigeaki Morita (freely available from 
https://sites.google.com/site/Shigemorita/home/2dshige) was used to create 
synchronous and asynchronous plots. The autocorrelation and 2DPCMW were 
also obtained using this software before the subsequent generation of the 
respective plots using MATLAB R2016a. The 2DPCMW technique (section 1.6.4) 
was applied in order to relate the spectral intensity variation to pH or 
temperature. In this method, the interpolated data was divided into small subsets 
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(windows). The specific window size applied as well as the maximum level of 
contours is stated for each sample in the respective chapters. 
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3 𝜶s-Casein Model 
3.1 Introduction 
For several years, casein proteins have attracted significant research interest for 
reasons including their abundance and availability from milk, utility in the food 
industry, drug delivery applications and their unique natively unfolded structure 
(Swaisgood, 2003, Holland and Boland, 2014, Elzoghby et al., 2012, Horne, 2002). 
Caseins are a family of phosphorylated proteins broadly designated as αs1, αs2, β 
and κ based on their amino acid sequences (Farrell et al., 2004, Holt et al., 2013). 
Phosphorylation of casein amino residues is a post-translational modification 
(PTM) that is vital for casein’s biological functions such as the stabilization of 
calcium phosphate complexes in micelles, formation of micelle internal structure, 
molecular chaperone activities and the maintenance of a flexible and open 
structure (Holt et al., 2013, Holland and Boland, 2014). αs-casein is comprised of 
αs1 and αs2 forms of casein. αs1 usually has phosphate residues on 8 or 9 serine 
amino acids, while αs2-casein can have up to 13 phosphate groups (Farrell et al., 
2004, Holland and Boland, 2014). They exist in bovine milk in a ratio of 4:1.  
As with other casein proteins, αs-casein is yet to be crystallised thus insight into 
their secondary structure has mainly been obtained from spectroscopic studies 
(Kumosinki et al., 1991, Alaimo et al., 1999). However, there have been conflicting 
result regarding quantities of specific structure types even by the same technique 
(Horne, 2002). A Raman study of αs1-casein reported small amounts of β sheet 
(20%) and α-helix (13%) and higher amounts of turns (33%) and irregular 
structures (33%)(Byler et al., 1988). CD and FTIR studies of αs2 casein reported 
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about (24-32%) α-helix, (30%) β-sheet, 24% turns and 22% irregular structure 
(Hoagland et al., 2001). Smyth et al. (2001) remarked that their characterisation 
of αs-casein was inadequate because the sample had unknown amounts of both 
isoforms. Nevertheless, in addition to α-helix and β-structure they identified the 
polyproline structure (PPII) which is a frequently occurring conformation in 
unfolded proteins (Thorn et al., 2015). Although a variety of amino acids can form 
the PPII structure, Pro is more likely to form this conformation and they are 
strongly associated with the open unfolded structure of caseins due to their ability 
to disrupt regular structures (Horne, 2017). 
The assessment of the influence on a PTM on protein stability is a crucial aspect of 
drug development due to their effect on protein conformation and function 
(Walsh, 2010, Walsh and Jefferis, 2006). Raman spectroscopic studies comparing 
dephosphorylated and phosphorylated forms of αs-casein have suggested that the 
absence of phosphate residues is associated with conformational changes (Jarvis 
et al., 2007, Ashton et al., 2011). Chakraborty and Basak, (2007) studied pH-
induced structural transitions in αs-casein using Fluorescence and CD 
spectroscopies. They demonstrated that at high alkaline pH there was extensive 
loss of secondary structure whereas at acidic pH 4-5, changes in secondary 
structure were minimal. They attributed this observation to increased inter 
residue repulsion as a result of increasing high negative charge at alkaline pH and 
reduced repulsion due to an initial neutralisation of the high negative charge at 
moderately acidic pH, resulting in a compact folded structure ~pH 4-5. Their 
findings are consistent with Liu & Gou (2008) who observed a more compact 
casein micelle structure at ~pH 5.5 compared to at ~pH 12. However, both studies 
45 
did not examine the structural changes in the absence of phosphate groups. In this 
study, αs-casein has been used as a model to investigate the influence of a PTM on 
the pH-dependent conformational stability of a protein. The aim is to investigate 
the application of Raman spectroscopy and 2DCA to the study of protein 
conformational stability in the presence and absence of a specific PTM. Raman 
spectral variations in phosphorylated αs-casein and dephosphorylated αs-casein 
(dαs-casein) were initially compared in solid and liquid sample states. pH-induced 
Raman spectral variations were then analysed using 2DPCMW as well as 
synchronous and asynchronous plots. 
3.2 Experimental 
3.2.1 Sample Preparation  
3.2.1.1 Dried Film Samples  
Samples of αs-casein and dαs-casein (bovine milk) were purchased from Sigma 
Aldrich and used without further purification. 1 mg/ml solutions were prepared 
by dissolving the lyophilised powder in deionised water. Dried films were 
prepared on a calcium fluoride window as described in section 2.2.1. 
3.2.1.2 Liquid Samples 
αs-casein and dαs-casein (bovine milk) samples of different pH were prepared by 
dissolving the lyophilised powder in deionised water and then adjusting the pH 
using dilute NaOH or HCl. The final concentration of each sample was ~10 mg/ml. 
The pH of each sample (Table 3.1) was measured using a pH meter (HI2210, Hanna 
Instruments). No pH adjustment was made for native samples of αs-casein (pH 6.5) 
and dαs-casein (pH 7). 
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Table 3.1 pH values (± 0.2) for αs-casein and dαs-casein solutions. 
3.2.2 Spectra Collection  
All liquid sample Raman spectra were collected as described in section 2.2.2. A 
total of 6 spectra were acquired for the dried film samples using ~15 mW laser 
power at source. The exposure time was 5s with 6 accumulations (collection time 
of 30s). 
3.2.3 Data Preprocessing 
Spectral preprocessing was carried out as discussed in section 2.3. For each pH 
value, the spectra were averaged (n=3), except for the pH 10.2 spectra where n=1 
due to distortion at ~1065 cm-1 in two of the spectra. For the generation of 
2DPCMW plots, spectra were interpolated using the Savitzky-Golay spline 
estimation to generate evenly spaced interpolated data in steps of ~0.4. 
3.3 Results & Discussion 
3.3.1 Dried Film Samples 
Figure 3.2 shows the dried film spectra of αs-casein and dαs-casein. Table 1.1 lists 
the proposed assignments for the observed peaks. A comparison of their spectra 
reveals that most of the peak intensities vary minimally between the 
phosphorylated and dephosphorylated spectra. 
αs-casein 5.7 6.5 7.7 8.7 9.2 10.2 11.1 12.1 
dαs-casein 6.1 7.0 7.6 7.7 8.9 10.1 10.8 12.3 
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Figure 3.1 Averaged (n=6) Raman spectra of 10 mg/ml αs-casein and dαs-casein dried 
films acquired on a calcium fluoride window. Preprocessing was carried out by baseline 
correction, normalization and smoothing. Each Raman spectrum was collected in 30s 
using an excitation wavelength of 532 nm. Assignments are listed in Table 1.1. 
 
The decreased peak intensity at ~930 cm-1 suggests a lower helical content in the 
phosphorylated sample (Monti et al., 1998, Ashton et al., 2007, Beattie et al., 2008) 
while the peak intensity variations at 1030 cm-1 assigned to Phe residues suggest 
a difference  between the Phe residues in the αs-casein and dαs-casein samples. A 
higher number of Phe residues in one sample could lead to a higher intensity of 
the Raman spectra. In each sample, there may be varying amounts of Phe residues 
based on the ratio of αs1-casein (n=8) to αs2-casein (n=6) (Morris, 2002, Horne, 
2017). However, the exact ratio of αs1 to αs2-casein in each sample is unknown and 
could not be confirmed by the supplier.  
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The peak intensity variations at 1337 and 1667 cm-1 suggest changes in Trp/α-
helix and β-sheet respectively. However, these changes reveal some apparent 
contribution from baseline fluctuations and cannot be unambiguously attributed 
to structural differences between αs-casein and dαs-casein. In their study of αs-
casein and dαs-casein, Jarvis et al. (2007) also observed differences in the spectral 
intensity of phosphorylated casein compared to dephosphorylated casein (Figure 
3.2). They observed that compared to the αs-casein, dαs-casein had increased 
intensities at ~989, 1003, and 1400 cm-1 which were assigned to Tyr, Phe and His 
sidechain conformation respectively. Furthermore, decreased peak intensities 
were observed at 1250, 1265 and 1655-1670 cm-1 in the dαs-casein spectrum 
compared to the αs-casein spectrum. Apart from the decreased spectral intensity 
at ~1655-1670 for dαs-casein, the spectral intensity variations in this study are 
generally not consistent with the Jarvis et al., 2007 study. Another notable 
difference between both studies is that a peak at ~989 cm-1 was hardly detectable 
in Figure 3.1. In contrast, it was observed to increase in the dephosphorylated 
casein sample in the Jarvis et al., 2007 study (Figure 3.2). Their assignment of the 
peak at ~989 cm-1 to Tyr does not correspond to any established Raman markers 
of Tyr (Hildebrandt et al., 1988, Takeuchi, 2011, Hernández et al., 2016). A peak at 
~990 cm-1 observed in the Raman spectra of a protein buffered in sodium 
phosphate (section 5.3.1) has been assigned to a phosphate stretch vibration. 
However, the presence of a phosphate group in the dαs-casein samples is contrary 
to what would be expected for a dephosphorylated protein. Therefore the ~989 




Figure 3.2 Averaged spectrum (n=12) of αs-casein and dαs-casein acquired on a 
hydrophobic slide. Republished with permission of the Royal Society of Chemistry from 
Quantification of Casein phosphorylation with conformational interpretation using 
Raman spectroscopy by Jarvis et al., 2007. Permission conveyed through Copyright 
Clearance centre Inc. 
 
One reason for the dissimilarity of the results from both studies could be the use 
of a non-hydrophobic slide (calcium fluoride window) in this study. Hydrophobic 
slides usually cause a preconcentration effect on the samples resulting in 
increased detection limits (Zhang et al., 2003, Jarvis et al., 2007). Another reason 
may be variations in purity or components of the examined samples. To reduce the 
influence of variations arising from drying, both samples (αs-casein and dαs-
casein) were also examined as solutions.  
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3.3.2 Solution Samples 
 
 
Figure 3.3 Averaged (n=3) Raman spectra of 10 mg/ml αs-casein (pH 6.5) and dαs-casein 
(pH 7.0) solutions. Preprocessing was carried out by baseline correction, smoothing, 
normalization, water subtraction and further baseline correction. Each Raman spectrum 
was collected in 30 mins using an excitation wavelength of 785 nm. Assignments are listed 
in Table 1.1. 
 
Figure 3.3 displays the Raman spectra of αs-casein and dαs-casein solutions. In 
contrast to the dried film spectra (Figure 3.1), the peak at ~980 cm-1 assigned to 
dibasic phosphate stretch (Zhang et al., 2005, Ashton et al., 2011) can be observed 
as a small shoulder in the αs-casein solution spectrum only. The challenge of 
observing phosphate peaks in proteins has been documented and was earlier 
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attributed to the presence of overlapping peptide bands in the same region as well 
as the lower solubility of phosphorylated proteins in aqueous solutions compared 
to phosphorylated amino acids (Xie et al., 2005). However, it has been successfully 
demonstrated that by increasing or decreasing the pH, phosphate peaks at ~980 
and 1080 cm-1 can be easily detected in phosphorylated peptides and amino acids 
using Raman spectroscopy (Xie et al., 2005, Ashton et al., 2011) and 
phosphorylated proteins using Raman optical activity (Ashton et al., 2011). In 
comparison to αs-casein, the dαs-casein spectrum has a slightly lower intensity at 
some of the Raman peaks assigned to aromatic side chains (Table 1.1) including 
830/850 cm-1 (Tyr Fermi doublet); 760, 1337 and 1550 cm-1 (Trp); and 1003 cm-
1 (Phe). This observation differs from the dried film sample spectra in Figure 3.1. 
No peak intensity variations can be observed at ~830, and 1550 cm-1 whereas 
slightly increased peak intensities can be observed at ~760 and 1337 cm-1 in the 
dαs-casein spectrum compared to the αs-casein spectrum (Figure 3.1). The 
physical state of the sample can affect the intensity and band shape of the spectra 
(Smith and Dent, 2005). Therefore the differences between the dried film and 
solution spectra are most likely arising from variations in hydration states (Torii 
et al., 1998, Oliver et al., 2016).  
The peaks at ~830 and 850 cm-1 have been historically assigned to the Tyr Fermi 
doublet, and the intensity ratio (I850/I830) has been used as a marker of hydrogen 
bonding and solvent exposure (Siamwiza et al., 1975). From the spectra, the 
calculated values of I850/I830 (dαs-casein=1.4; αs-casein=1.4) are equal suggesting 
that there is no difference in hydrogen bonding or solvent exposure of Tyr residues 
in both samples despite the loss in intensity at ~830 and 850 cm-1. As mentioned 
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previously, the samples may contain varying amounts of αs1-casein and αs2-casein. 
Consequently, the loss of intensity may be due to the number of Tyr residues 
present in each sample. αs1-casein has 10 Tyr residues, and αs2-casein has 12 Tyr 
residues (Horne, 2017, Morris, 2002). However other peaks ~1173, 1208 and 
1615 cm-1 assigned to Tyr reveal no variations in peak intensity. Therefore, the 
loss of intensity at ~830 and 850 cm-1 is not fully explained by the difference in the 
number of residues. Hernandez et al. (2016) recently suggested a separate 
reassignment of these peaks to the in-plane ring breathing motion (830 cm-1) and 
C-H out of plane bending (850 cm-1) stating that the previous assignments are 
limited  because the calculations were made using a simple model compound 
rather than Tyr. These separate assignments suggest the possibility of an 
alternative explanation for the intensity loss despite similar ratios. Nevertheless, 
the actual interpretation of the observed peak intensity loss remains unassigned 
in the literature.  
Decreased peak intensity changes in the Trp peak at ~760 and 1550 cm-1 have 
been associated with changes in solvent exposure (Jacob et al., 1998, Gömez De La 
Cuesta et al., 2014). Therefore, the peak intensity changes may be as a result of 
increased exposure of the Trp residues in the dαs-casein sample compared to the 
αs-casein, which has the same number of Trp residues (n=2) (Morris, 2002, Horne, 
2017). Variations in the peak intensity at ~1337 cm-1 are usually interpreted using 
the hydrophobicity marker ratio, I1360/I1340. Nevertheless, one of the two peaks 
may be absent in a Raman protein spectrum as is the case in Figures 3.1 and 3.3, 
thereby limiting the use of this ratio to interpret peak intensity variations for the 
observed peak. However, this peak may also be assigned to α-helix as discussed 
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further below with secondary structure changes. In contrast to the dried film 
spectra (Figure 3.1), the Phe peak at ~1003 cm-1 in the αs-casein spectra has a 
significantly increased intensity compared to dαs-casein. Similar intensity changes 
have been linked with increased short-range molecular interactions of Phe 
residues (Ota et al., 2016). However, as discussed previously, peak intensity 
variations may also be associated with a variation in the number of Phe residues 
present in each sample. Another possible explanation may be the influence of 
nearby phosphate vibrations (Jarvis et al., 2007). The peak intensity at ~1030 cm-
1 (in the dαs-casein spectrum) also assigned to Phe has an increased intensity 
compared to αs-casein. This observation at ~1030 cm-1 is similar in the dried film 
spectra suggesting that this change is independent of the physical state of the 
sample (Figure 3.1).  
In the dαs-casein spectrum, there are other decreased peak intensities compared 
to the αs-casein spectrum, associated with protein secondary structure (Table 1.1), 
including ~1250 cm-1 (disordered structure),~1315 cm-1 (α-helix), ~1337 cm-1 (α-
helix) and ~1667 cm-1 (β-sheet). There is a limited number of studies comparing 
the secondary structure of phosphorylated and dephosphorylated αs-casein in 
solutions. One such study by Koudelka et al. (2009) suggested an increase in both 
α-helix and β-sheet upon dephosphorylation. Variations in the ~1320-1345 cm-1 
region have been linked with changes in α-helix symmetry (Tsuboi et al., 2000). 
Thus, the decreased peak intensities at ~1315 and 1337 cm-1 may suggest that 
there is a difference in the α-helix symmetry in the absence of phosphate residues. 
Additionally, the decreased peak intensity at these α-helical peaks may also be 
linked with changes in the Phe peak at ~1003 cm-1. The position of Phe in the 
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amino acid sequence of proteins in relation to itself other  aromatic residues (Tyr, 
Trp and His ) has been shown to determine specific conformations of α-helix when 
either of these residues is 1, 3 or 4 residues apart (Thomas et al., 2002). Of the 
eight Phe residues in αs1-casein, 7 residues fall within this criterion of proximity to 
Tyr or Phe while two of the 6 Phe residues in αs2-casein meet this criterion (Morris, 
2002, Horne, 2017). Therefore the decreased intensities at these peaks may 
suggest that the dαs-casein has a different conformation of α-helix possibly due to 
the arrangement of Phe in its sequence.  
Unlike the Raman peaks at ~1315 and 1337 cm-1 which can indicate a change in 
helical content as well as orientation, the Raman peak at ~930 cm-1 is mainly 
reported to change as a result of helical content (Monti et al., 1998, Beattie et al., 
2008). In Figure 3.3, no peak intensity variation can be observed at ~930 cm-1 
between the αs-casein and dαs-casein spectra, suggesting that the overall helical 
content is similar in both samples. In contrast, the dried film spectrum of dαs-
casein has a decreased peak intensity at ~930 cm-1 (α-helix) compared to the αs-
casein spectrum (Figure 3.1). This observation may be due to different states or 
batch variations. The decreased intensity at ~1667 cm-1 in the αs-casein spectra is 
associated with a reduced amount of β-sheet in the absence of phosphate residues. 
This observation is consistent between both dried film and solution spectra. The 
increased peak intensity at ~1250 cm-1 in the phosphorylated samples suggests 
an increase in disordered structure compared to dephosphorylated casein (Ashton 
et al., 2011). An explanation for the increase in disordered structure may be due 
to the role of phosphorylated residues in maintaining the open structure of casein 
(Holt et al., 2013). 
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Overall the results suggest differences between the Raman spectra of αs-casein and 
dαs-casein samples associated with aromatic side-chain residues and secondary 
structure. As discussed, some of these differences are possibly influenced by 
variations in particular components of the sample, sample states or detection 
limits. Notwithstanding, the results suggest conformational distinctions in the 
absence and presence of the PTM (phosphorylation). 
3.3.3 2D-Correlation Analysis (2DCA) 
3.3.3.1 𝛼s-Casein Autocorrelation 
The pH-stability of αs-casein was investigated by analysing the Raman spectra of 
its solutions ranging from ~pH 6-12 using 2DCA. As discussed previously in 
section 1.6.2, one of the most useful 2D-correlation plots is the autocorrelation 
which reveals the regions of the spectra or data that have changed significantly as 
a result of the perturbation. Figure 3.4A shows the autocorrelation plot for the αs-
casein pH-dependent spectra. The strongest autopeaks can be observed at ~1415, 
and 1600 cm-1 while a much weaker group of autopeaks can be observed at ~850, 
980, 1003, 1065, 1234 and 1460 cm-1. The assignments for the corresponding 
Raman peaks at these wavenumbers are listed in Table.1.1. A Raman peak at 
~1415 cm-1 is assigned to the ionization of carboxyl groups. The dependence of 
ionization on pH makes this peak a visual marker of pH-induced spectral variation. 
At high pH, its increased intensity suggests increasing ionization. The Raman peak 
at ~1600 cm-1 is associated with the asymmetric ring vibrations of Tyr and Phe 
but can also be assigned to the deprotonation of Tyr residues.  
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Figure 3.4 pH-dependent Raman spectral variations of 10 mg/ml αs-casein from ~pH 5.7-
12.2 (A) Autocorrelation plot (B) Averaged (n=3) Raman spectra except at pH 10.2 where 
n=1. Spectra were collected at pH intervals ranging from ~0.5-1.2. Preprocessing was 
carried out by baseline correction, smoothing, normalization, water subtraction and 
further baseline correction. Each Raman spectrum was collected in 30 min using an 
excitation length of 785 nm. Assignments are listed in Table 1.1. 
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In Figure 3.4B, the peak at ~1600 cm-1 is hardly detectable below ~pH 10.2. 
Instead a peak at ~1615 cm-1 is visible. From ~pH 10.2-12, there appears to be a 
peak shift from ~1615 cm-1 to 1600 cm-1. This observation is associated with the 
deprotonation of Tyr residues (Ludwig and Asher, 1988, Hernández et al., 2016). 
An increase in the peak intensity at ~1065 cm-1 can also be observed to occur at 
high pH, suggesting changes in charged amino acids (Table 1.1). As previously 
mentioned, the improved visualization of the phosphate peak at ~980 cm-1 is pH-
dependent. It can be observed that the autopeak at ~980 cm-1 indicates its 
increasing peak intensity between ~pH 6.5-9 (Figure 3.4B). The other spectral 
changes indicated by the remaining autopeaks at ~850,1003,1234 and 1460 cm-1 
are harder to observe in the spectra by visual inspection alone. 
3.3.3.2 𝛼s-Casein 2DPCMW 
A key advantage of the 2DPCMW (section 1.6.4) is its utility in relating the spectral 
changes to the applied perturbation, which in this case is pH. In combination with 
the autocorrelation plot which identifies the main spectral variations, the way 
these spectral changes vary with pH can be carefully examined and interpreted. 
Figure 3.5 shows the synchronous 2DPCMW for αs-casein. The negative contours 
shaded in blue represent decreasing peak intensity with increasing pH while the 
positive contours shaded in red indicate peaks that increase in intensity with 
increasing pH. The number of contours and the darker the shade of the contours 
indicates a greater magnitude of change. In Figure 3.5, the contours can be broadly 




Figure 3.5 Synchronous 2DPCMW plot generated from pH-dependent Raman spectra of 
αs-casein. Red shaded contours indicate increasing Raman peak intensity with pH, and 
blue shaded contours indicate decreasing Raman peak intensity with increasing pH. A 
darker shade of colour and a higher number of rings in the contour indicates a more 
significant change in intensity as indicated by the colour bar. The scale on this bar is of 
arbitrary units. A moving window size of 5 and a maximum of 6 contours was applied. 
The positive contour at ~980 cm-1 indicates that the phosphate peak (~980 cm-1) 
increases in intensity from ~pH 6.5-9 signifying increasing amounts of dibasic 
phosphate ions. Negative contours can be observed at ~1003 cm-1 which is 
assigned to the Phe Raman peak suggesting an increased solvent exposure of Phe 
side chains (Xu et al., 2008). The decreasing peak intensity at ~1460 cm-1 indicated 
by the presence of a negative contour suggests variations related to X-Pro peptide 
bond where X-refers to any amino residue bonded to Pro. Jordan et al. (1996) 
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studied proteins with Pro residues in their native and unfolded states. They 
demonstrated that a peak at ~1460 cm-1 is associated with an unfolded protein 
state where X-Pro carbonyl moieties are strongly hydrogen-bonded with solvent. 
αs-casein is natively unfolded and is known to have high proline content. There are 
17 and 10 Pro residues in αs1 and αs2-casein respectively (Morris, 2002). 
Furthermore, Pro residues in a PPII conformation, adopt a backbone conformation 
that is mainly exposed to water and the Pro-carbonyl moiety is known to be a good 
hydrogen bond acceptor (Thorn et al., 2015). Thus, the decreasing intensity at 
~1460 cm-1 might signal a weakening of such X-Pro carbonyl interactions with the 
surrounding solvent. 
Overall, contours positioned at wavenumbers assigned to protein secondary 
structure are negative, which indicates a loss of intensity and consequently, loss of 
structure. The negative contours observed at ~930 cm-1 (~pH 9) and 1262 cm-1 
(~pH 8) suggest a loss of α-helix structure. Negative contours can also be found at 
~1234 and 1669 cm-1 implying loss of β-structure. However, from the spectra 
(Figure 3.4B), no peak can be observed at ~1234 cm-1 rather a peak can be seen at 
~1250 cm-1 which is assigned to disordered structure.  
In the 2DCA, autopeaks indicating spectral changes may occur at wavenumbers 
which are slightly different, but close to the original peak wavenumbers in the 
spectra. This variation occurs because autopeaks represent regions in the spectra, 
where the highest degree of change has occurred. Consequently, in addition to or 
without changes in peak intensity, the position of the autopeak could also reflect 
variations in peak shape such as broadening or narrowing (Noda and Ozaki, 2005, 
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Noda, 2017). Therefore, the negative contour at ~1234 cm-1 likely suggests a loss 
of disordered structure alongside the loss of α-helix and β-sheet. 
One of the unique features in the ~pH 10-12 range is the absence of a contour at 
~980 cm-1 indicating no further increase in dibasic phosphate groups. The darker 
shade and number of positive contours at ~1065, 1415 and 1600 cm-1 indicate a 
significant increase in the intensity of the Raman peaks assigned to charged amino 
acids, ionization of carboxyl groups and deprotonation of Tyr side chains 
respectively (Table 1.1). In contrast to the ~pH 6-10 range, positive contours can 
be observed at ~1308 and 1355 cm-1. The closest original Raman peaks in the 
spectra occur at ~1315 and 1337 cm-1 and have been assigned to changes α-helix 
symmetry (Figure 3.4). As discussed, the position of the contours could vary from 
the peak position in the actual spectra. Consequently, the contours at the 1308 and 
1355 cm-1 suggest that geometrical changes in α-helix are occurring in addition to 
the loss of the α-helix structure indicated by negative contours at ~930 and 1262 
cm-1 also assigned to α-helix. Similarly, the positive contour at ~1234 cm-1 earlier 
linked with variations in the Raman peak at ~1250 cm-1 implies an increase in 
disordered structure, which is consistent with a loss of secondary structure.  
The absence of changes in the phosphate peak and the corresponding increased 
loss of secondary structure from ~pH 10-12 compared to ~pH 6-9 is possibly 
accounted for by the presence of phosphorylated serine residues providing a 
‘shielding’ effect during the deprotonation of the phosphate groups below pH 10. 
As shown in Figure 3.6, the hydrogen atom on the hydroxyl group is substituted 
by the dibasic phosphate group (OPO3
2−) in the serine side chain.  
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Figure 3.6 (A) Structure of serine amino acid (B) Phosphoserine structure showing 
attached deprotonated phosphate group. 
 
3.3.3.3 d𝛼s-Casein Autocorrelation 
Figure 3.7A and 3.7B shows the autocorrelation and pH-dependent Raman spectra 
of the dαs-casein, respectively. As expected, there is no autopeak indicating any 
changes linked with phosphate vibrations. Another notable observation is that 
unlike in the αs-casein autocorrelation, there is an autopeak at 830 cm-1 and not 
850 cm-1. As with αs-casein sample, the autopeaks at ~1065, 1415 and 1600 cm-1 
indicate Raman peak intensity changes at ~1065, 1415 and 1600 cm-1 assigned to 
charged amino acids, ionization of carboxyl groups and deprotonation of Tyr 
residues respectively. These spectral changes are evident at ~pH 10-12 (Figure 
3.7B). As previously mentioned in section 3.3.3.1, the autopeak at ~1600 cm-1 is 
likely due to a peak shift from ~1615 to 1600 cm-1. Synchronous and asynchronous 
plots are particularly useful in confirming the presence of peak shifts, so it was 




Figure 3.7 pH-dependent Raman spectral variations of 10 mg/ml dαs-casein solution from 
~pH 6.1-12.3 (A) Autocorrelation plot (B) Averaged (n=3) Raman spectra. Spectra were 
collected at pH intervals ranging from ~0.6-1.3. Preprocessing was carried out by baseline 
correction, smoothing, normalization, water subtraction and further baseline correction. 
Each Raman spectrum was collected in 30 mins using an excitation length of 785 nm. 
Assignments are listed in Table 1.1.
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Figure 3.8 Synchronous plot (SP) and Asynchronous plot (AP) generated from pH-
dependent spectra of 10 mg/ml solutions of αs-casein (~pH 10-12) and dαs-casein (~pH 
9-12). (A) SP αs-casein (B) SP dαs-casein (C) AP αs-casein (D) AP dαs-casein. Shaded 
contours indicate negative cross peaks and unshaded contours indicate positive cross 
peaks. Positive cross peaks indicate two wavenumbers with perturbation induced 
intensity changes in the same direction (increasing or decreasing together). Negative 
cross peaks indicate two wavenumbers with perturbation induced intensity changes in 
opposite directions (one increasing and the other decreasing). Maximum contour 
level=16.  
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Figure 3.8 shows the synchronous and asynchronous plots for both samples. The 
synchronous plots depict an angel pattern which has two negative cross peaks of 
similar strength (wings) and two autopeaks with one significantly weaker (head) 
than the other (body). The angel pattern can be either indicative of two overlapped 
peaks with markedly different intensities or a peak shift (Noda & Ozaki, 2005). 
The exact interpretation is dependent on the pattern of the cross peaks in the 
corresponding asynchronous plot (Figure 3.8C and 3.8D). The appearance of a 
butterfly pattern in the asynchronous plot is indicative of a peak shift. Since both 
asynchronous plots lack a butterfly pattern, no peak shift is indicated. 
Consequently, the angel pattern here indicates the two overlapped Tyr peaks 
(1600 and 1615 cm-1) with markedly different intensities, changing in opposite 
directions as indicated by the two well-resolved cross peaks in the asynchronous 
plots. As discussed above, the appearance of the peak at ~1600 cm-1 and the 
disappearance of the ~1615 cm-1 peak at high alkaline pH spectral change is 
generally reported as a being due to a peak shift. In fact, by examining the spectra 
alone (Figure 3.4B and 3.7B), one may easily arrive at the same conclusion.  
However, these plots clearly show that the peak at ~1615 cm-1 does not actually 
shift, but it becomes very weak at high alkaline pH, whereas the ~1600 cm-1 peak 
intensity increases significantly. Based on Noda’s rules for sequential order 
intensity changes (section 1.6.3), the cross peak signs in Figure 3.8 indicate that 
the peak intensity change at ~1600 cm-1 comes predominantly before 1615 cm-1  
for αs-casein whereas, for dαs-casein, the change at ~1615 cm-1 occurs 
predominantly before 1600 cm-1. This difference may be linked to their 
phosphorylation status.  
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3.3.3.4 d𝛼s-Casein 2DPCMW 
Figure 3.9 displays the synchronous 2DPCMW plot for dαs-casein. It appears very 
similar to the αs-casein 2DPCMW plot except that the highest number of contours 
appear at a lower pH rather than at a higher pH as observed with αs-casein.  
 
 
Figure 3.9 Synchronous 2DPCMW plot generated from pH-dependent Raman spectra of 
dαs-casein. Red shaded contours indicate increasing Raman peak intensity with pH, and 
blue shaded contours indicate decreasing Raman peak intensity with increasing pH. A 
darker shade of colour and a higher number of rings in the contour indicates a significant 
change in intensity as indicated by the colour bar. The scale on this bar is of arbitrary units. 
A moving window size of 5 and a maximum of 6 contours was applied.  
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From ~pH 6-9, the pattern of contours from ~1234 to 1355 cm-1 in the dαs-casein 
plot is analogous to the same region in the αs-casein 2DPCMW plot at ~pH 10-12 
(Figure 3.5).The dαs-casein 2DPCMW plot can also be grouped into two ranges, 
~pH 6-9 and 9-12. In the lower range, there are negative contours at ~830/850, 
1003 and 1460 cm-1 indicating decreasing peak intensity at the Raman peaks 
assigned to Tyr, Phe and X-Pro carbonyl groups (Table 1.1). The presence of the 
negative contours at ~830 and 850 cm-1 between ~pH 6-9 contrasts with the αs-
casein 2DPCMW plot where no such contours can be observed. This difference is 
possibly linked to the absence of phosphorylated serine residues. Furthermore, 
the negative contours at ~930, 1262 and 1670 cm-1 also suggest a loss of 
secondary structure at Raman peaks assigned to α-helix and β-sheet respectively. 
As discussed previously, the positive contours at ~1234 cm-1 suggest an increase 
in disordered structure, whereas those at 1308 and 1355 cm-1 suggest a change in 
the symmetry of the α-helix structure. 
While there are some striking similarities between the pattern of contours in the 
~pH 6-9 range of the dαs-casein 2DPCMW plot (Figure 3.9) and αs-casein 2DPCMW 
plot (Figure 3.5); it is worth noting that the size and shade of the negative contour 
at ~1262 cm-1 suggests that in the dαs-casein sample, the loss of α-helix is 
occurring to a greater extent at low pH compared to αs-casein. This observation 
suggests that some of the pH-dependent secondary structural changes are more 
significant at a lower pH in the absence of dibasic phosphate residues.  
In dαs-casein, none of the serine residues are phosphorylated, and so their 
sidechains do not have the protection afforded by the deprotonation of the 
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phosphate residues. Their exposure may account for the earlier onset of the 
changes in secondary structure in dαs-casein compared to αs-casein. 
As discussed earlier, there are no crystallised structures for caseins. Kumosinski 
et al., (1991) proposed a working energy minimised molecular model for α-s1 
casein providing insight into its folding mechanism in relation to the phosphate 
groups as well as Pro residues. They showed that 7 of the phosphoserine residues 
are located on β-turns and the polypeptide folds to bring these residues into 
proximity between residues 43 and 84. In addition, the phospho serine residues 
are further bound by Pro residues at 29 and 87.  
 
 
Figure 3.10: Schematic depicting energy minimised model of αs1-casein adapted from 
Kumosinski et al., (1991) with labelled representative positions Pro (P) and PhosphoSer 
residues (Sp). Black ring indicates cluster of phosphoserines. Only 5 Ser residues are 
shown in the cluster instead of 7 as the position of the 2 others could not be deduced from 
the original model.  
 
Farrell et al., (2009) generated a homologous molecular model for αs2 -casein.  
However, it has not been used in this discussion because the position of the 
phosphoserines on the model are not easy to visualise. In addition, the model does 
not give any insight to how these residues fold. Figure 3.10 shows a schematic of 
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the energy model with clustered phosphoserine residues. Using this model, it can 
be proposed that the folding of αs1-casein will be altered in the absence of 
phosphate groups. Phosphate groups on amino acids can significantly alter the 
local and global and conformational properties of a protein (Hunter, 2012, Kumar 
et al., 2020). As a hydrogen bond acceptor, phosphoserine has been reported to 
form stronger salt bridges with Arg compared to Asp or Glu (Rapp et al., 2013). 
Furthermore, conformational states of intrinsically disordered proteins have been 
shown to be influenced by the net charge per residue (Mao et al., 2010). With 
increasing deprotonation of its phosphate groups, it is likely that the net charge 
per residue of αs-casein is altered, modifying its conformational stability compared 
to dαs-casein. Therefore, observed difference in stability between αs-casein and 
dαs-casein at lower pH has been attributed to the presence of deprotonating 
phosphate groups on the serine residues. 
The pattern and position of contours in the ~pH 9-12 range suggest that the 
spectral changes mainly relate to sidechain structure. As discussed previously, the 
positive contours at ~1065, 1415 and 1600 cm-1 suggest increased changes in the 
Raman peaks assigned to charged amino acids (deprotonation of Lys, Glu or Asp), 
ionization of carboxyl groups and deprotonation of Tyr sidechains respectively. 
These observations are consistent at high pH regardless of phosphorylation status.  
Two interesting observations relating to side chains that appear to be dependent 
on phosphorylation are the absence of a contour at ~850 and 1460 cm-1. As 
observed in Figure 3.7A, there is an autopeak at ~830 cm-1 suggesting peak 
intensity changes at ~830 cm-1 which is assigned to Tyr. This observation 
contrasts with the autocorrelation plot of αs-casein (Figure 3.4A) which reveals an 
69 
autopeak at ~850 cm-1 and is possibly explained by the separate assignments for 
the peaks at ~830 and 850 cm-1 (Hernández et al., 2016) rather than the traditional 
assignment to Fermi resonance (Siamwiza et al., 1975); since it reflects the 
intensity changes of separate peaks rather than the intensity ratio of the doublet. 
The exact interpretation of the decreased intensities for protein structure and the 
influence phosphorylation will require further investigation. Nonetheless, for both 
αs-casein and dαs-casein, the ratio of peak intensities at ~830/850 cm-1 (I850/I830) 
in the Raman spectra (Table 3.2) decreased from ~1.5 at slightly 
acidic/moderately basic pH to ~0.9 at highly alkaline pH. 
This ratio has been linked to changes in hydrogen bonding (Siamwaza et al., 1975) 
and most recently, hydrophobic/hydrophilic balance of interactions involving the 
Tyr Phenol ring (Hernandez et al.,2016). The latter study argues that hydrogen 
bonding variations does not sufficiently explain the limits of the ratio which 
correspond to when Tyr is a strong H-bond acceptor (~2.5) or donor (~0.3). The 
range of the ratios suggests that regardless of phosphorylation, most of the Tyr 
residues in αs-casein are exposed on the surface of the protein and that hydrogen 
bonding is moderate to weak (Siamwaza et al., 1975). The ratio values are also 
consistent with the observations by Hernandez et al., (2016) who observed 
(I850/I830) values above 1 in a Tripeptide where the Tyr phenol ring is thought to 
be mostly exposed to solvent. This surface location is expected due to the unfolded 
nature of αs-casein. The lower (I850/I830) values at alkaline pH is likely accounted 
for by the increasing ionization of Tyr from ~pH 10.2-12 (Siamwiza et al., 1975).  
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Table 3.2 I850/I830 values calculated from the pH-dependent Raman spectra of αs-casein 
and dαs-casein.  
αs-casein dαs-casein 
pH I850/I830 pH I850/I830 
5.7 1.5 6.1 1.4 
6.5 1.4 7.0 1.4 
7.7 1.5 7.6 1.4 
8.7 1.4 8.9 1.4 
9.2 1.3 10.1 1.23 
10.2 1.3 10.8 0.98 
11.1 1.1 11.7 0.92 
12.2 0.9 12.3 0.85 
 
The absence of the autopeak at ~1460 cm-1 suggests no changes in the hydrogen 
bonding interactions of X-Pro carbonyl  groups implying a limited extent of 
unfolding in this pH range (Jordan et al., 1996). As mentioned previously, there are 
a total of 27 proline groups between αs1 and αs2- casein. Based on the involvement 
of the phosphoserine cluster in the energy minimised model folding (Figure 3.10), 
the Pro groups associated with this change at ~1460 cm-1 may be those near this 
cluster (29 and 87) in αs1-casein. This limited unfolding is possibly linked to the 
71 
limited changes in secondary structure observed in this pH range. Apart from the 
negative contour at ~930 cm-1 signalling a decreased peak intensity in the Raman 
peak assigned to α-helix, there appears to be minimal changes in secondary 
structure in this upper range, demonstrating increased stability from ~pH 9-12 in 
the absence of phosphate residues.  
On the other hand, for a dαs-casein sample whose pH is gradually increased from 
~pH 6-12, this observation could indicate that since extensive changes have 
already occurred at lower pH, no further changes would be expected at higher pH.  
3.4 Conclusion 
The application of 2DCA to the pH-dependent Raman spectra of αs-casein and dαs-
casein identified differences in their conformational stability attributable to their 
phosphorylation status. An initial comparison of the Raman spectra of αs-casein 
and dαs-casein in their native state suggests that in the absence of phosphate 
residues, αs-casein has increased exposure of Trp residues to solvent, variation in 
α-helix conformation as well as a decrease in β-sheet and disordered structure.  
Although the observed pH-induced variations in both samples’ spectra compared 
closely by visual inspection, 2DPCMW analysis of the spectra highlights differences 
in the behaviour of dαs-casein and αs-casein across the examined pH range. The 
results suggest that dαs-casein is less stable at lower pH (6-9) compared to αs-
casein. At the lower pH range, extensive loss of secondary structure including α-
helix and β-sheet, were observed for dαs-casein whereas comparably limited 
changes in secondary structure were observed at higher pH. αs-casein, on the other 
hand, showed extensive secondary structure loss at pH 10-12 compared to at the 
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lower pH range. This difference in stability between αs-casein and dαs-casein at 
lower pH has been linked to the presence of phosphate groups on the serine 
residues playing a protective role through their deprotonation in αs-casein. 
Furthermore, the relative stability of dαs-casein at ~pH 10-12 has been linked to 
limited unfolding of the X-Pro carbonyl groups. Synchronous and asynchronous 
plots generated from the Raman spectra of both samples indicate that the 
generally reported peak shift from ~1615 to 1600 cm-1 signalling deprotonation 
is due to changes in the intensity of overlapping peaks at ~1600 and 1615 cm-1. 
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4 Human Serum Transferrin Model  
4.1  Introduction  
Human serum Transferrin (hTf) and other serum transferrins are well known for 
their role in iron transport through receptor-mediated endocytosis (Thorstensen 
and Romslo, 1990, Baker, 1994). The efficiency of the iron-binding and 
transportation of hTf has been exploited for its potential applications as iron-
binding therapy, metallodrug carriers, targeting ligands and drug delivery 
machinery (von Bonsdorff et al., 2001, Wagner et al., 1994, Li and Qian, 2002).  
 
 
Figure 4.1 Cartoon image of 3QYT (Yang, N, Zhang, H, Wang, M Hao, Q, Sun, H (2012) Iron 
and bismuth bound human serum transferrin reveals a partially opened conformation in 
the N-lobe. Sci Rep 2:999) created with NGL (A.S. Rose, A.R. Bradley, Y. Valasatava, J.D. 
Duarte, A. Prlić, P.W. Rose (2018) NGL viewer: web-based molecular graphics for large 
complexes. Bioinformatics 34: 3755–3758).  
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In particular, the transport of hTf conjugated to anticancer agents into malignant 
cells has resulted in desirable pharmacological properties including decreased 
drug toxicity, enhanced cytotoxic activity and modified drug release profiles 
(Szwed et al., 2014, Zhang et al., 2015). Additionally, hTf coupled liposomes have 
exhibited improved drug release and stability behaviour compared to the 
liposomes alone (Singh, 1999, Leto et al., 2016).  
HTf is a glycoprotein with a molecular weight of ~80 kDa. It is a single polypeptide 
chain with two similar lobes (C and N-lobes). Each lobe has a Fe3+ binding site 
situated in a cleft formed by two subdomains (Figure 4.1). The lobes are linked by 
a flexible short stretch of a peptide (Baker and Baker, 2004, MacGillivray et al., 
1998, Wally and Buchanan, 2007). The Fe3+ binding sites include two tyrosine 
residues, one histidine residue, one asparagine residue as well as a bicarbonate 
ion (MacGillivray et al., 1998, Baker and Baker, 2004, Eckenroth et al., 2011).  
In the endosome, the presence and release of bound iron are associated with 
conformational changes that involve the closing and opening of the domains 
around the iron-binding site respectively. The closure is facilitated by the tight 
reversible binding of iron via ligands situated in two of the domains and the 
backbone strands that link the domains (Baker, 1994). During the opening of the 
site, the domains on each lobe rotate away from each other, weakening the 
interactions of the bound iron and consequently resulting in its release (Andersen 
et al., 1990, Jeffrey et al., 1998). The iron free form (apohTf) is thought to have an 
open conformation due to the vacant iron-binding site whereas holohTf has a 
closed conformation because the domains close to surround the bound iron (Baker 
et al., 1990, Baker, 1994, Navati et al., 2003). The release of iron from hTf is also 
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pH-dependent, occurring below ~pH 6 in the endosome; and also observed in-
vitro (MacGillivray et al., 1998, Day et al., 1992, Baker and Baker, 2004). 
Raman spectroscopy has been used to distinguish apohTf from holohTf because 
the holohTf spectra show specific peaks that can be linked to iron vibrations. 
Earlier studies of hTf using resonance Raman spectroscopy, have revealed its 
utility in the identification of iron peaks providing insight into the Fe3+ binding site 
(Tomimatsu et al., 1976, Gaber et al., 1974). More recently, conventional Raman 
spectroscopy (RS) has been used in the identification of structural modifications 
in hTf as a result of iron-binding and glycosylation (Ashton et al., 2017). The 
differing conformations of hTf and its potential role in drug delivery, combined 
with the sensitivity of Raman spectroscopy to detect structural differences in the 
presence and absence of iron, makes hTf a suitable model to examine the ability of 
2DCA and Raman spectroscopy to investigate differences in protein 
conformational stability during early drug development.  
The aim of this study is to examine and compare the conformational stability of 
apohTf and holohTf under varying pH and temperature conditions using this 
technique. As with the αs-casein model discussed in chapter 3, this study mimics a 
drug development screening scenario where a protein exists in variant forms, and 
there is a need to compare the stability of the variants to aid the selection and 
optimization of the most stable candidate.  
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4.2 Experimental 
4.2.1 Dried Film Samples 
Samples of apohTf and holohTf were purchased from Sigma Aldrich and used 
without further purification. Dried films of aqueous solutions were prepared as 
discussed in section 2.2 1 and 3.2.1.1. 
4.2.2  Liquid Samples (pH-study) 
Samples preparation and pH measurements (Table 4.1) are as described in section 
3.2.1.2. At pH 2.6 and 3.6, a complete loss of colour was observed in the holo-hTf 
samples after preparation. The loss of colour is likely due to complete iron 
dissociation at low acidic pH (Figure 4.2). 
















Figure 4.2 Photograph showing a complete colour loss in 10 mg/ml holohTf solution 
samples at ~pH 2.6 and 3.6.
apohTf 2.6 3.6 4.6 5.6 6.6 7.6 8.6 10.4 11.4 
holohTf 2.6 3.6 4.6 5.7 7.0 8.1 9.4 10.5 11.5 
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Liquid Samples (Temperature study)  
3 ml of each sample was prepared by dissolving the lyophilised powder in Milli-Q 
water. The final concentration of each sample was ~10 mg/ml.  
4.2.4 Spectra Collection  
pH-dependent Raman spectra were collected as described in section 2.2.2.  
Three spectra were collected for each sample at pH values listed in Table 4.1. The 
exposure time for dried film samples was 10s with 1 accumulation (collection time 
of 10s) and 30 mW laser power at source. A total of 6 spectra were collected from 
different positions on the sample spot. For temperature studies, a single spectrum 
was collected through a 3 ml quartz cuvette at ~20 °C and ten other temperature 
points (section 2.4.2) using a long-distance x50 objective. A spectrum was also 
obtained from the heated samples after cooling down to ~20 °C. Spectral 
acquisition time was also 30 min as in the pH study. Two repeat experiments were 
carried out for each sample.  
4.2.5  Data Preprocessing 
Dried film and liquid spectra (pH study) were preprocessed as discussed in section 
2.3. The same preprocessing approach was initially attempted for the 
temperature-related spectra, despite significant interfering signals from the 
quartz cuvette, especially at ~800 and 1200-1400 cm-1 (Figure 4.3). It was 
reasonable to expect that water subtraction from the protein spectra would reduce 
the interference of the quartz signals since the water spectra also had some quartz 
interference (Figure 4.3). However, compared to apohTf spectra, water 
subtraction alone did not significantly reduce the quartz interference in the 
holohTf spectra (Figure 4.4C and 4.4D).   
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Figure 4.3 Raw Raman spectra of water and 10 mg/ml solutions of apohTf and holohTf 
showing interference of quartz signals at ~800 and 1200-1400 cm-1. Each spectrum was 
collected in 30 mins using an excitation length of 785 nm. 
 
This discrepancy is possibly due to the position of the objective focus on the 
cuvette or the nature of the sample. For consistency, a quartz spectrum subtraction 
was performed for apohTf and holohTf samples before water subtraction (Figure 
4.4C). Using this approach, it was also necessary to subtract quartz from the water 
spectrum before water subtraction to prevent the occurrence of negative peaks in 
the resulting protein spectrum. Therefore, the final order of preprocessing steps 
for the temperature spectra was baseline correction followed by subtraction of the 
quartz spectrum, smoothing, normalisation to the peak at ~1447 cm-1, water 
subtraction and further baseline correction.  
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The ~30 °C holohTf spectrum was excluded from preprocessing due to distortion 
by a cosmic ray. Due to the cosmic ray location, it was not possible to remove it 
without interfering with the spectra. The ~30 °C apohTf spectrum was also 
removed for consistency. For the generation of synchronous 2DPCMW plots, 
spectra were interpolated using the Savitzky-Golay spline estimation to generate 
evenly spaced interpolated data in steps of ~0.5 and 2.4 for pH and temperature 
studies respectively. 
 
Figure 4.4 Raman spectra collected at 28° C after baseline subtraction, smoothing and 
normalisation. (A) apohTf, holohTf and water (B) Quartz subtracted apohTf, holohTf and 
water (C) apohTf after water subtraction with and without quartz subtraction (D) holohTf 
after water subtraction with and without quartz subtraction. Quartz subtraction was 
performed after initial baseline subtraction for both water and protein spectra. A further 
baseline correction was applied after water subtraction in all cases. Concentration of 
apohTf and holohTf was 10 mg/ml.  
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4.3 Results & Discussion 
4.3.1 Dried Sample Spectra. 
Figure 4.5 displays the preprocessed Raman spectra of apohTf and holohTf. 
Typical peak assignments for Raman spectra are listed in Table 1.1 (section 1.5.3). 
The main differences between the two spectra arise from the peaks at ~1172, 
1280, 1505 and 1605 cm-1 observed in the holohTf spectra but very weak in the 
spectra of apohTf.  
 
Figure 4.5 Averaged (n=6) Raman spectra of 10 mg/ml apohTf and holohTf dried film 
samples. Preprocessing was carried out by baseline correction, normalization and 
smoothing. Each Raman spectrum was collected in 10s using an excitation length of 785 
nm. Assignments are listed in Table 1.1.  
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These holohTf peaks have been assigned using resonance Raman spectroscopy to 
CH or CO bending; C-O; C-C and C-C ring stretching modes of iron-bound 
Tyrosinate respectively (Gaber et al., 1974, Tomimatsu et al., 1976). Miura et al. 
(2001) also observed these iron-bound peaks in the resonance Raman spectrum 
of an Fe(III) bound amyloid peptide, distinguishing it in the absence of Fe(III) with 
spectral variations at ~1176, 1278, 1505 and 1605 cm-1. The maximum absorption 
of Fe(III) occurs at ~465 nm; thus resonant Raman spectra collected at 488 and 
514 nm are dominated by the iron-bound tyrosinate peaks (Gaber et al., 1974, 
Tomimatsu et al., 1976, Miura et al., 2001). In a more recent study of hTf using non-
resonance Raman spectroscopy (785 nm), the holohTf spectra also had a higher 
intensity at ~1170, 1270, 1500 and 1603 cm-1 compared to the apohTf spectra, 
consistent with the observations in this study (Ashton et al., 2017). 
4.3.2  2D-Correlation Analysis  
4.3.2.1 apohTf Autocorrelation 
Figure 4.6 shows the autocorrelation and pH-dependent spectra of apohTf from 
~pH 2.6-11.4. Autopeaks can be observed at ~1237, 1415 and 1655 cm-1 
indicating the regions of the spectra where the most significant change has 
occurred in relation to increasing pH. At ~pH 5.6 (native pH) and from ~pH 7.6-
11.4, the 1237 cm-1 peak assigned to β-sheet (Table 1.1) has a weak intensity 
compared to spectra at other pH values. At pH 2.6 (Figure 4.6B), the high peak 
intensity at ~1237 cm-1, indicates the highest amount of β-sheet is present at low 
acidic pH.  
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Figure 4.6 pH-dependent Raman spectral variations of 10 mg/ml apohTf solution from 
~pH 2.6-11.4. (A) Autocorrelation plot (B) Averaged (n=3) Raman spectra. Spectra were 
collected at pH intervals ranging from ~1.0-1.8. Preprocessing was carried out by baseline 
correction, smoothing, normalization, water subtraction and further baseline correction. 
Each Raman spectrum was collected in 30 mins using an excitation length of 785 nm. 
Assignments are listed in Table 1.1.  
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As discussed in section 3.3.3.1, an autopeak at ~1415 cm-1 indicates Raman peak 
intensity variations associated with the ionization of carboxyl groups (Table 1.1). 
In the apohTf spectra (Figure 4.6B), the peak intensity at ~1415 cm-1 has a lower 
intensity above pH 7.6, suggesting reduced ionization of the carboxyl groups from 
pH 7.6. There is also an autopeak at ~1655 cm-1 indicating that some spectral 
changes have occurred near the ~1660 cm-1 Raman peak. As discussed previously 
in section 3.3.3.2, the actual position of an auto peak may vary from the position of 
a Raman peak because the autocorrelation identifies the region of the most 
significant change which may involve changes in peak width or intensity. However, 
it is not possible to follow the direction of spectral intensity variation from the 
stacked spectra (Figure 4.6B). This difficulty in visualizing and interpreting some 
spectral variations across multiple spectra is a key motivation for the use of 2DCA. 
4.3.2.2 holohTf autocorrelation 
The autocorrelation of the holohTf spectra (Figure 4.7A) differs from that of 
apohTf primarily due to the presence of additional autopeaks at ~1280 and 1605 
cm-1 which indicate spectral variations in the Raman peaks associated with bound 
iron. In Figure 4.7B, the peak at ~1280 cm-1 assigned to C-O stretch of iron bound 
Tyrosinate is barely observable from pH 2.6 to 3.6 but gradually increases in 
intensity between ~pH 4.6-5.7. Above pH 5.7, no visible changes in peak intensity 
are observed. In addition, the peak intensity at 1605 cm-1 assigned to the Tyr-Fe-
C-C stretch can be observed to increase significantly at pH 4.6 compared to at pH 
2.6 and 3.6. These peak intensity changes with increasing pH indicate a 
dissociation of iron between pH 4.6 and 5.7.  
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Figure 4.7 pH-dependent Raman spectral variations of 10 mg/ml holohTf from ~pH 2.6-
11.5 (A) Autocorrelation plot (B) Averaged (n=3) Raman spectra. Spectra were collected 
at pH intervals ranging from ~1-1.3. Preprocessing was carried out by baseline correction, 
smoothing, normalization, water subtraction and further baseline correction. Each Raman 
spectrum was collected in 30 mins using an excitation length of 785 nm. Assignments are 
listed in Table 1.1.  
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The complete dissociation of iron by ~pH 2.6 and 3.6 are evidenced by a drastic 
colour change in the samples shown in Figure 4.2. As with apohTf, the autopeak at 
~1237 cm-1 is likely indicative of the highest amount of β-sheet at ~pH 2.6 (Figure 
4.7B). This similarity is due to the release of iron from holohTf below ~pH 5.7, thus 
rendering the sample iron-free (apohTf). Nevertheless, the increased ~1237 cm-1 
peak intensity changes observed at ~pH 10.5 and 11.5 are also represented by this 
singular autopeak (Figure 4.7A). This observation demonstrates the composite 
nature of autopeaks in relation to spectral variations in a data set. Autopeaks 
represent the change across the entire data set and do not provide insight on how 
the variations relate to the perturbation. This drawback is overcome using 
2DPCMW analysis discussed in section 1.6.4.  
It is noteworthy that at native pH (~pH 7), holohTf spectra has no visible peak at 
~1237 cm-1. However, there is a 1237 cm-1 peak at ~pH 2.6 whose intensity 
decreases with increasing pH up to 5.7. The termination of this spectral change at 
~pH 5.7 corresponds to the end of the iron dissociation, as indicated by no further 
change in peak intensity at ~1280 cm-1 above pH 5.7 (Figure 4.7B). This 
observation, coupled with the presence of a 1237 cm-1 peak at neutral pH in the 
apohTf spectra (Figure 4.6B) and its decreasing intensity with increasing pH 
between ~pH 2.6-5.6 suggests a possible link between the presence of iron and a 
significant decrease in β-sheet. The structural changes accompanying pH-
dependent iron release have been reported as mainly involving the tertiary 
structure (Hadden et al., 1994, Mecklenburg et al., 1997). The observed spectral 
variations suggest a change featuring secondary structure. Two antiparallel β-
strands (backbone β-strands) lie behind the iron-binding cleft, and they facilitate 
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the opening and closing of the cleft during iron release and binding via a hinge-like 
structure (Baker et al., 2003). A possible explanation for the observed decrease in 
β-sheet is that while iron remains bound, the exposure of these β-strands is 
limited. However, in acidic conditions, when the iron is released, the strands 
become more exposed to solvent and become denatured. The autopeaks at ~1655 
and 1683 cm-1 in Figure 4.7A indicate spectral changes near the ~1660 cm-1 peak, 
and are also difficult to follow from the stacked spectra (Figure 4.7B). 
4.3.2.3 2DPCMW of apohTf and holohTf.  
Figure 4.8 displays the synchronous 2DPCMW plots generated from the pH-
dependent Raman spectra of apohTf and holohTf. Apart from the positive contours 
at ~1280 and 1605 cm-1 (Figure 4.8B) representing spectral variations relating to 
bound iron, the plots have a similar pattern of contours from ~pH 4-8. In Figure 
4.8B, the positive contours at 1280 and 1605 cm-1 imply an increase in peak 
intensity with increasing pH in the presence of iron. At ~pH 4, both plots have a 
positive contour at ~940 cm-1, indicating an increased intensity with increasing 
pH of the Raman peak at ~940 cm-1. Although the autopeak for ~940 cm-1 is very 
weak (Figure 4.6A and 4.7A), an increased peak intensity at ~940 cm-1 can be seen 
above ~pH 2.6 in the apohTf and holohTf spectra (Figure 4.6B and 4.7B). This 
observation suggests a reduced amount of α-helix in hTf at ~pH 2.6 compared to 
higher pH values (Frushour and Koenig, 1974, Ikeda and Li-Chan, 2004). A positive 
contour at ~1655 cm-1 centred at ~pH 4 can be observed in the holohTf 2DPCMW 
plot (Figure 4.8B). In the apohTf plot, there is also a positive contour at ~1655 cm-
1 from ~pH 3-5, indicating an increased peak intensity in the nearby Raman peak 
at ~1660 cm-1 with increasing pH (Figure 4.8A). As mentioned previously, this 
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spectral change is difficult to observe in the stacked spectra (Figure 4.6 and 4.7). 
An alternative method of displaying the spectra is to overlay them, as shown in 
Figure 4.9.  
 
 
Figure 4.8 Synchronous 2DPCMW plot of hTf generated from pH-dependent Raman 
spectra (A) apohTf (B) holohTf. Blue shaded contours indicate peaks that are decreasing 
in intensity with increasing pH. Red shaded contours show peaks that are increasing in 
intensity with increasing pH. The scale on the colour bar has arbitrary units. A moving 




Figure 4.9 Averaged (n=3) pH-dependent Raman spectra of 10 mg/ml hTf solutions from 
~pH 2.6-11.5 in the ~1500-1720 cm-1 region (A) apohTf (B) holohTf. Preprocessing was 
carried out by baseline correction, smoothing, normalization, water subtraction and 
further baseline correction. Each Raman spectrum was collected in 30 mins using an 
excitation length of 785 nm.  
 
The difference in the pH range occupied by the ~1655 cm-1 contours in the apohTf 
and holohTf PCMW plots is likely due to the increased baseline observed at ~1630 
cm-1 in the apohTf spectra collected at ~pH 3.6 and 4.6 (Figure 4.9A). Nevertheless, 
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a decrease in intensity and a possible shift at ~1660 cm-1 can be observed in the 
~pH 2.6 spectra for apohTf and holohTf (Figure 4.9). The peak at ~1660 cm-1 has 
been assigned to disordered structure (Pelton and McLean, 2000, Rygula et al., 
2013) but also to α-helix structure in globular proteins (Ikeda and Li-Chan, 2004). 
Therefore, a lower peak intensity at ~pH 2.6 compared to higher pH values 
suggests a loss of disordered or α-helical structure.  
It is interesting to note that the negative contour at ~1683 cm-1 is only present in 
the holohTf plot (Figure 4.8B). This difference is likely due to the pronounced right 
shift of the peak at ~1660 cm-1 in the holohTf spectra compared to apohTf spectra 
at ~pH 2.6 (Figure 4.9). Although the sample is equivalent to apohTf at ~pH 2.6, 
the increased perturbation associated with complete loss of iron from the holohTf 
sample (Figure 4.2) is a possible explanation for this observed peak shift. Thus, the 
peak shift may indicate the accompanying conformational change due to the 
vacant iron site involving α-helix or disordered structure. 
As in section 3.3.3.3, the occurrence of a peak shift was clarified by examining 
synchronous and asynchronous plots (Figure 4.10). The synchronous plot of 
apohTf has a single autopeak at ~1655 cm-1 with no cross peaks, and that of 
holohTf has two autopeaks (~1655 and 1683 cm-1) and two cross peaks referred 
to as a four-leaf clover pattern (Noda and Ozaki, 2005). Their corresponding 
asynchronous plots do not indicate a peak shift but rather overlapping peaks with 
changing intensities. The positions of at least three overlapped peaks in the broad 
peak centred at ~1660 cm-1 (Figure 4.9) can be deduced as ~1655, 1672 and 1683 
cm 1. However, in the case of holohTf, the cross peaks at ~1655 and 1672, and 1683 
cm-1 are elongated and distorted compared to apohTf possibly due to increased 
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perturbation at the Raman peak at ~1665 cm-1 assigned to α-helix (Ikeda and Li-
Chan, 2004) or disordered structures (Pelton and McLean, 2000, Rygula et al., 
2013) as well as at ~1672 and 1683 cm-1 assigned to intermolecular β-strand or 
irregular structures (Li and Li, 2009). 
 
 
Figure 4.10 Synchronous plot (SP) and Asynchronous plot (AP) generated from pH-
dependent spectra of 10 mg/ml hTf solutions (~pH 2.6-11.5). (A) SP apohTf (B) SP 
holohTf (C) AP apohTf (D) AP holohTf. Shaded contours indicate negative cross peaks and 
unshaded contours indicate positive cross peaks. Positive cross peaks indicate two 
wavenumbers with perturbation induced intensity changes in the same direction 
(increasing or decreasing together). Negative cross peaks indicate two wavenumbers with 
perturbation induced intensity changes in opposite directions (one increasing and the 
other decreasing). Maximum contour level=8.
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Consequently, the negative contour at ~1683 cm-1 in Figure 4.8B suggests that a 
degree of denaturation due to loss of intermolecular β-strand or irregular 
structures is occurring only in the holohTf sample as illustrated in Figure 4.11C. 
The main difference in the 2DPCMW plots can be observed at ~pH 9-11 where a 
positive contour can be observed at ~1237 and 1415 cm-1 in the holohTf 2DPCMW 
plot only. In the apohTf spectra, the peak at ~1237 cm-1 varies minimally in 
intensity from ~pH 7.6 to 11.4. Conversely, in the holohTf spectra, there is no peak 
at ~1237 cm-1 from ~pH 7-9.4 but appears from ~pH 10.5-11.4. The appearance 
of this peak at high alkaline pH in the holohTf spectra may also be signalling an 
increased exposure of β-sheet structure as earlier discussed for acidic pH. In the 
apohTf and holohTf spectra, a pattern can be observed in spectral variations at 
~1237 and 1415 cm-1 where they both change in a similar direction (Figure 4.6B 
and 4.7B). This occurrence suggests that the variation in the β-sheet peak is closely 
influenced by the ionization of carboxyl groups in hTf. At acidic pH, carboxyl 
groups of amino acids such as Asp and Glu become protonated whereas, at alkaline 
pH, carboxyl groups of amino acids such as Lys, Arg and His become deprotonated 
(Messori et al., 1997). Consequently, the main structural change in hTf (Figure 
4.11A) when the carboxyl groups are protonated at low acidic pH is a high amount 
of β-sheet accompanied by a low amount of α-helix suggesting a transition from α-
helix to β-sheet (Tanaka et al., 2009, Litvinov et al., 2012, Amani and Naeem, 2014) 
as depicted in Figure 4.11B. The positive contour at ~1415 cm-1 above ~pH 9 in 
the holohTf plot is indicative of increasing Raman peak intensity at ~1415 cm-1 





Figure 4.11 (A) Cartoon image of 3QYT (Yang, N, Zhang, H, Wang, M Hao, Q, Sun, H (2012) 
Iron and bismuth bound human serum transferrin reveals a partially opened 
conformation in the N-lobe. Sci Rep 2:999) created with the PyMol Molecular Graphics 
System version 2.0. Schrӧdinger, LLC. Adapted images of 3QYT showing (B) α-helix to β-
sheet transition and (C) β-strand or irregular structure loss possibly occurring around Fe 
binding site of holohTf. 
 
Overall, the results suggest that apohTf and holohTf are stable from ~pH 5-9 and 
6-9, respectively. However, at ~pH 10-11, holohTf appears less stable because its 
spectra reveal a slight increase in β-sheet compared to its native structure and 
apohTf. Messori et al.(1997) analysed holohTf and observed minimal spectral 
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changes using CD analysis from ~pH 6-11. However, these changes were not 
linked with any structural components or compared with apohTf samples. Their 
study also suggested the loss of iron above ~pH 12; thus providing a possible 
explanation that the increase in β-sheet from ~pH 10-11.5 in the holohTf sample 
is occurring prior to the dissociation of iron where the highest amount of β-sheet 
is expected (Figure 4.8B). However, the dissociation of iron at high alkaline pH was 
not observed in this study because the holohTf samples were not examined 
beyond ~pH 12.  
4.3.3 Temperature Stability  
The stability of apohTf and holohTf samples at native pH were also examined 
under varying temperatures between ~26-65 °C. Figure 4.12 shows the 
autocorrelation and temperature-dependent Raman spectra of apohTf. The peak 
assignments are listed in Table 1.1 (section 1.5.3). As previously discussed, the 
autocorrelation plot identifies the most significant spectral variations in the data 
set regardless of the point they occur on the perturbation axis.  
The apohTf autocorrelation plot (Figure 4.12A) closely resembles the apohTf 
spectra in Figure 4.12B because the spectral intensity variations represented by 
the autopeaks is mainly arising from the spectra collected at ~65 °C. At 65 °C, the 
peaks at ~722 assigned to methionine C-S stretch (Chen and Lord, 1976, Lord and 
Yu, 1970), 760, 1337 and 1552 cm-1 assigned to Trp have significantly increased 
intensities compared to lower temperatures suggesting a decreased exposure of 
Trp residues to solvent upon heating (Gömez De La Cuesta et al., 2014). In addition, 
increased peak intensities with increasing temperature can be observed at 1270 




Figure 4.12 Temperature-dependent Raman spectral variations of 10 mg/ml apohTf 
solutions between ~28-65 °C. (A) Autocorrelation plot (B) Raman spectra. Preprocessing 
was carried out by baseline correction followed by subtraction of the quartz spectrum, 
smoothing, normalisation to the peak at ~1447 cm-1, water subtraction and further 
baseline correction.  Each Raman spectrum was collected in 30 mins using an excitation 




Figure 4.13 Temperature dependent Raman variations of 10 mg/ml holohTf between 
~28-65 °C (A) Autocorrelation (B) Raman spectra. Preprocessing was carried out by 
baseline correction followed by subtraction of the quartz spectrum, smoothing, 
normalisation to the peak at ~1447 cm-1, water subtraction and further baseline 
correction. Assignments are listed in Table 1.1.  
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As discussed in Chapter 3, peaks at ~1315-1337 cm-1 have been associated with 
changes in the geometry of α-helix (Tsuboi et al., 2000). Therefore, these peak 
intensity changes suggest not only an unfolding of the α-helix structure (~1270 
cm-1) but also a change in the α-helical geometry (1315-1340 cm-1) at ~65 °C. 
Figure 4.13 shows the autocorrelation and temperature-dependent Raman 
spectra for holohTf collected at the same temperature range. The autocorrelation 
(Figure 4.13A) has fewer autopeaks compared to the apohTf autocorrelation plot 
in Figure 4.12A. There is also an autopeak at ~1270 cm-1 possibly arising from the 
broadening at ~1280 cm-1 (Tyr-C-O stretch) in the holohTf spectra at ~65 °C 
compared to lower temperatures. Overall, apoTf and holohTf show minimal 
differences in their response to temperature except at ~65 °C suggesting that 
apohTf is less stable than holohTf (Figure 4.12B and 4.13B). 
Due to the limitations of the temperature calibration, spectra were not obtained 
above 65 °C; nevertheless, holohTf shows minimal spectral changes at this 
temperature compared to apohTf and this observation was consistent with two 
repeat experiments ( 65 ± 2.4 °C). Using FTIR, Hadden et al. (1994) also 
demonstrated that apohTf is thermally unstable above ~60 °C showing a loss in α-
helix and β-sheet structure; while little change in α-helix or β-sheet content was 
observed for holohTf between 50-80 °C. Their Differential scanning calorimetry 
results showed that holohTf has higher thermal stability than apohTf by up to ~30 
°C. ApohTf had two transition points at ~54.5/66.8 °C (onset) and 61/73.2°C 
(peak) respectively whereas holohTf had a single transition point with onset and 
peak temperatures at ~83.4 and 90.9 °C respectively.  
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Similar results have also been obtained for apohTf at ~65°C using optical density 
measurements (Azari and Feeney, 1958). The higher thermal stability of holohTf 
is attributed to the additional hydrogen bonding interactions and dynamics that 
result from the presence of iron (Kumar and Mauk, 2012) The spectral broadening 
observed at ~1280 cm-1 could be signalling the weakening or loosening of these 




Figure 4.14 Synchronous 2DPCMW of hTf temperature-dependent Raman spectra (A) 
apohTf (B) holohTf. Blue shaded contours indicate peaks that are decreasing in intensity 
with increasing pH. Red shaded contours show peaks that are increasing in intensity with 
increasing pH. The scale on the colour bar has arbitrary units. A moving window size of 5 
and a maximum of 4 contours was applied.  
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Due to the primary spectral change occurring at ~65 °C, the apohTf 2DPCMW plot 
(Figure 4.14A) shows the most intense contours at ~60-65 °C. In contrast, the 
holohTf 2DPCMW plot (Figure 4.14B) shows much weaker and random 
positioning of the contours across the entire temperature range, indicating that no 
significant change has occurred with respect to increasing temperature. Compared 
to the pH study, the use of 2DPCMW plots did not necessarily present any 
advantage over the spectra alone because the main temperature-induced change 
is occurring at one specific point and can be unambiguously observed in the 
spectra. 
A comparison of the spectra of an unheated holohTf sample with the spectra of the 
heated holohTf sample cooled down to 20 °C reveals relatively less variations 
compared to apohTf (Figure 4.15A), providing further evidence for its higher 
stability (Figure 4.15B). On the contrary, there was a significant difference 
between apohTf samples examined under similar conditions, indicating that the 
observed denaturation at ~65 °C is not fully reversible (Figure 4.15A). In Figure 
4.15, there is a difference between the peak intensities at 930 and 1315/1337 cm-
1 (assigned to α-helix structure) in the two samples. With apohTf, there is minimal 
intensity difference between the unheated and cooled after heating spectra at 
~930 cm-1 but there is a significantly large intensity variation at ~1315/1337 cm-
1. In contrast, the holohTf peak at 1315/1337 cm-1 varies only slightly between 
unheated and cooled after heating spectra whereas the peak intensity at ~930 cm-
1 is notably lower. A lower peak intensity at ~930 cm-1 suggests a reduction in α-
helical content in holohTf upon heating whereas the change at ~1315/1337 cm-1 
suggests a marked change in the α-helical symmetry associated with the 
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denaturation of apohTf. There are also intensity variations of some peaks assigned 
to side chains. The two apohTf spectra (Figure 4.15A) reveal large peak intensity 
variations at ~722-760 cm-1 but no peak intensity variations between 830-880 cm-
1 while the holohTf spectrum has slightly lower peak intensity in both regions. The 
differences in the peak variations between apo and holohTf in the 722-760 cm-1 
after heating and cooling suggest a decreased exposure to solvent of Met and Trp 
residues in apohTf and an increased exposure of these residues in holohTf. In the 
830-880 cm-1 region, the (I850/I830) ratio of apohTf (1.3) was unchanged between 
the unheated and heated and cooled spectra. While with holohTf, the ratio 
decreased slightly from 1.3 to 1.1. These values suggest that for both apohTf and 
holohTf, the implicated Tyr residues are solvent exposed with a moderate to weak 
hydrogen bonding that is unaffected by temperatures up to 65 °C. However, the 
spectral variations at 880 cm-1 suggest that Trp side chains have increased 
exposure to solvent after heating and cooling of holohTf but not apohTf. These 
opposing spectral variations implicating, Met, and Trp residues and α-helix 
structure could possibly reflect the differing nature of their conformations.  
The reason for observing some spectral changes with holohTf Raman spectra 
despite not reaching the transition point of holohTf as determined by Hadden et 
al.(1994) is likely due to difference in techniques and the spectral regions 
analysed. DSC does not provide information about secondary structure changes 
may occur before reaching a transition point. Their FTIR study also examined the 
amide I band which is mainly used for secondary structural analysis with minimal 
input from overlapping Asn and Gln side chains (Manning, 2005). In addition, they 
did not examine the cooled spectra after heating. Furthermore, FTIR and Raman 
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often provide complementary information due to their selection rules (Pelton and 
McLean, 2000, Smith and Dent, 2005). In contrast to the FTIR study by Hadden et 
al.(1994), the spectral changes in this Raman study revealed a loss of α-helix but 
not β-sheet upon denaturation of apohTf and a reduction in α-helix content for 
holohTf after heating and cooling. It also provided information about the sidechain 
exposure and α-helical structure upon heating and cooling that possibly reflect the 
nature of their opposing conformations. 
 
 
Figure 4.15 Raman spectra of 10 mg/ml hTf solutions before heating and after cooling (A) 
apohTf (B) holohTf. Unheated sample temperature was ~20 °C. Heated samples (~65 °C) 
were cooled down to ~20 °C.  
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4.4 Conclusion 
The conformational stability of apohTf and holohTf were examined under varying 
pH and temperature conditions using Raman spectroscopy and 2DCA. At low 
acidic pH, an α-helix to β-sheet transition was observed for apohTf, but no 
comparison could be made with holohTf due to the dissociation of iron below ~pH 
5.7. Despite the similarity between the iron dissociated holohTf sample and 
apohTf, their ~pH 2.6 spectra could be distinguished by a more pronounced 
spectral change which has been assigned to the loss of β-strand sheet or irregular 
structure in the holohTf sample using synchronous and asynchronous plots.  
This spectral change has been proposed to be indicative of a conformational 
change due to a complete iron removal. An evaluation of the Raman spectra of both 
samples suggests a link between the increase in β-sheet at acidic pH and the 
absence of iron, possibly due to increased exposure of the backbone β-strands in 
the iron cleft upon the removal of iron. 
The synchronous 2DPCMW plots were a useful and convenient method to visually 
compare the stability behaviour of both samples as a function of their response to 
pH. From the plots, apohTf and holohTf exhibited no significant signs of instability 
at ~pH 5-9 and 6-9, respectively. However, above ~pH 9 holohTf showed a slight 
increase in β-sheet compared to its native pH and apohTf at the same pH. Overall 
apohTf was observed to be more stable over a wider pH range compared to 
holohTf.  
The inability to examine temperatures beyond ~65 °C, limited the possibility of 
observing more temperature-induced spectral changes and consequently a more 
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extensive comparison of apohTf and holohTf spectra using the  synchronous 
2DPCMW plots. Nevertheless, the results suggest that apohTf is less stable than 
holohTf beyond ~60-65 °C. Using the combination of Raman spectroscopy and 
2DPCMW analysis, the stability behaviour of apohTf and holohTf was observed to 
compare closely over similar regions of the applied perturbation range. 
Notwithstanding, the differences highlighted by the 2DPCMW plots support 
apohTf as a more stable candidate overall because compared to holohTf, it appears 
stable over a wider pH range (~pH 5-11.5) as well as at temperatures which are 
likely to be encountered in protein drug in use. 
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5  Antibody Fragment Model  
5.1 Introduction 
The results from previous studies have demonstrated the capacity of 2DCA and 
Raman spectroscopy to screen and distinguish the conformational stability 
profiles of well-studied model proteins. This chapter seeks to extend this 
application to the investigation of therapeutically relevant proteins amenable to 
drug development.  
 
Figure 5.1 Schematic depicting the IgG type antibody structure. VH-variable heavy 
domain, VL-variable light domain, CH-constant heavy domain and CL-constant light chain 
domain. Image adapted from Dhar and Das (2018).
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As a protein drug class, monoclonal antibodies have steadily dominated the 
landscape of approved protein drugs (Ecker et al., 2015, Irani et al., 2015); 
accounting for more than 50% of newly approved biopharmaceuticals between 
2015 and 2018 (Walsh, 2018). Virtually all the constituent antibodies of these 
drugs belong to the IgG class (Beck et al., 2010, Nelson and Reichert, 2009, Buss et 
al., 2012). A typical IgG antibody structure consists of two identical heavy chains 
and two identical light chains (Edelman et al., 1969, Williams and Barclay, 1988, 
Schroeder and Cavacini, 2010). Both heavy and light chains span across a variable 
region and a constant region, as shown in Figure 5.1. Through proteolytic cleavage, 
an IgG antibody molecule can be split into three fragments: two antigen fragment 
binding (Fab) molecules and one Fc (fragment crystallisable) portion. Fab is a 
monovalent antibody fragment (Figure 5.1) with a molecular weight of ~50 kDa. 
It consists of four domains; two variable domains (VH and VL) and two constant 
domains, (CH1 and CL) linked by an inter-chain disulfide bond (Edelman et al., 
1969, Fleischman et al., 1963). 
A significant incentive for the development of therapeutic antibody fragments 
stems from their documented advantages over full-sized antibodies including 
their smaller size, ease of genetic manipulation, binding affinity, improved tissue 
penetration as well as cheaper manufacturability (Nelson and Reichert, 2009, 
Nelson, 2010, Xenaki et al., 2017). Viable measures have been developed to 
mitigate limitations which are attributable to their lack of Fc domain such as short 
half-life and reduced affinity for Protein A (commonly used in the purification of 
whole antibodies). For instance, in the case of short half-life; conjugation to other 
moieties (Holt et al., 2008) or their use in applications where a long half-life is not 
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desirable have been explored (Holliger and Hudson, 2005, Weisser and Hall, 
2009). Regarding purification, resins such as protein L or non-affinity-based 
primary capture have been promoted as alternatives for protein A (Rodrigo et al., 
2015). In general, these driving advantages have not always translated into 
improved clinical efficacy or superior commercial success compared to intact 
antibodies (Nelson, 2010, Dhar and Das, 2018, Xenaki et al., 2017). Nevertheless, 
the diversity that is readily accessible through the myriad of antibody fragments 
designs has created an invaluable set of tools that serve to extend the knowledge 
frontiers in critical aspects such as structure, immunogenicity, manufacture and 
purification of the entire antibody molecule and its fragments (Nelson, 2010, Dhar 
and Das, 2018). 
Fab molecules were the first group of antibody fragments to be clinically 
developed and approved for therapeutic use (Nelson and Reichert, 2009, Nelson, 
2010). Other antibody fragment classes such as single-chain variable fragments 
and its variants (diabodies, bi-specific single-chain variable fragments (bis-scFvs) 
and tandem scFv (tasFv) and third-generation antibody fragment molecules such 
as nanobodies and domain antibodies have been less successful in reaching the 
market (Strohl and Strohl, 2012, Bates and Power, 2019). Thus, Fab is the most 
studied class of antibody fragments and therefore, a representative candidate for 
testing the utility of 2DCA and Raman spectroscopy in the stability screening of 
therapeutic proteins and engineered variants. 
Protein engineering has steadily advanced over the years to become a dynamic 
field driving the rational design and optimization of proteins for various 
applications, including food, drug therapy, and medical diagnostics. This drive is 
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based on the ever present demand for proteins with the best possible combination 
of physical and functional properties, suited for their application (Lagassé et al., 
2017, Kazlauskas, 2018). Rational design and optimization approaches, generally 
embrace computational and experimental measures to improve protein 
expression and stability, reduce aggregation or modulate protein activity 
(Kamionka, 2011).  
One of the most utilized protein engineering machinery is the application of site-
directed mutagenesis (SDM) to introduce point or multiple mutations in the 
nucleotide sequence resulting in the alteration of the amino acid sequence due to 
substitution of amino acids, deletion or insertion of single or multiple amino acids 
in the mutant protein (Botstein and Shortle, 1985, Xia and Xun, 2017). These 
proteins are then screened to understand the effect of the mutation on their 
activity or other desirable physical properties. Due to the specificity of the SDM 
technique, specific properties can be targeted during the mutation design based 
on prior knowledge of the protein as well as the documented effect of a mutation. 
One such property which can be targeted for mutation is the alteration of the 
charges on the proteins by substituting, removing or introducing charged or 
neutral amino acids residues into an existing sequence (Schweiker and 
Makhatadze, 2009, Raghunathan et al., 2013). Charged amino acid residues can be 
found on protein surfaces, active sites and the hydrophobic interior of the protein; 
and may exist alone in pairs or groups (Gitlin et al., 2006, Miller et al., 1987). They 
are mainly concentrated on the protein surface where they interface with the 
surrounding water and are readily ionizable (Gitlin et al., 2006, Price and Nairn, 
2009, Isom et al., 2010). Their location can affect the nature of their interactions 
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with other charged groups and their contribution to the electrostatic free energy 
of the protein (Gitlin et al., 2006, Sanchez-Ruiz and Makhatadze, 2001).  
Electrostatic interactions in proteins have been associated with critical processes 
including, folding, stability, protein-protein interactions and protein-solvent 
interactions (Simonson, 2003, Nakamura, 2009). Notably, improved thermal 
stability has been demonstrated by effecting charge mutations (Loladze et al., 
1999, Loladze and Makhatadze, 2002, Chan et al., 2012). However, the role of 
charge-charge interactions in folding and stability has been challenged by some 
studies which conclude that despite the removal of all charges from the protein, 
folding and stability are not affected (Loladze and Makhatadze, 2002, Kurnik et al., 
2012, Højgaard et al., 2016). These studies argue that the roles of charges lie 
mainly in solubility and molecular interaction functions. It is well established that 
even these latter roles have implications for therapeutic proteins. A protein must 
be soluble for it to be expressed, formulated, and an unfavourable change in 
molecular interactions could promote aggregation, which is undesirable.  
Notwithstanding, the possibility of a conformational change cannot be excluded 
due to the complexity, long-range nature and non-specificity of charge-charge 
interactions (Makhatadze, 2017). Therefore, the impact of any charge mutations 
requires examination on its merit as it may influence protein stability mechanisms 
including folding, denaturation, protein-protein and protein-solvent interactions.  
A wild type Fab (A33Fab-C226S) and four surface charge mutants: HC-K65M, HC-
K133M, HC-S75K and L50K were obtained from the Centre for Innovative 
Manufacturing in Emergent Macromolecular Therapies (CIMEMT), University 
College London (UCL). For ease of identification, the samples shall be subsequently 
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referred to as written in brackets: A33Fab-C226S (WTFab), HC-K65M (MT1-1); 
HC-K133M (MT2-1); L50K (MT3+1) and HC-S75K (MT4+1).  
WTFab is a humanised antibody fragment that is reported to be stable at ~pH 5-7; 
demonstrating increased apparent conformational stability, retention of 
secondary structure and minimal monomer loss (Chakroun et al., 2016). MT1-1 
and MT2-1 have been mutated to possess a reduced net positive charge while 
MT3+1 and MT4+1 have an increased net positive charge compared to WTFab. A 
previous study on the mutant samples reported MT1-1 and MT2-1 as having a 
decreased stability to aggregation compared to WTFab, while MT3+1 and MT4+1 
have increased stability to aggregation compared to WTFab (Ahmad, 2011). A 
subsequent study by Zhang (2016) on the freeze-dried mutant samples showed 
that overall, pH 5 had the most impact of monomer loss with MT1-1 having the 
highest monomer loss, and MT4+1, the least monomer loss. None of these Fab 
samples have been previously examined using Raman spectroscopy. The study of 
WTFab and its mutants using Raman spectroscopy is in pursuit of the goal of 
CIMEMT to develop multiple techniques to assess the cost and challenge of 
manufacturing a protein molecule, thereby improving access to these products.  
The aim of this study was to extend the application of Raman spectroscopy and 
2DCA to protein conformational stability screening of therapeutically relevant 
samples. To this effect, pH-induced spectral variations in the Raman spectra of 
WTFab and its mutants were investigated and compared using different buffers to 
identify the most stable sample and or conditions. Furthermore, the impact of 
freeze-drying on the structure and pH-induced spectral variations were also 
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assessed. Temperature-dependent spectra were also compared for WTFab and 
MT1-1. 
5.2  Experimental 
5.2.1 Sample Preparation: 
12.5 mg/ml solutions of Fab samples (WTFab, MT-1, MT2-1, MT3+1 and MT4+1) 
were supplied by CIMEMT along with 100 mM buffers of sodium acetate (pH 4.5 
and 5.5); sodium citrate (pH 4.5 and 5.5) and sodium phosphate (pH 7). To obtain 
the desired pH with a 20 mM ionic strength, a final concentration of 10 mg/ml of 
each sample was prepared by mixing the sample and appropriate buffer in a ratio 
of 4:1. The pH of the protein in buffer solution was measured using a pH meter 
(section 3.2.1.2) to an accuracy of ±0.1 units.  
Freeze-dried forms of all the Fab samples in acetate, citrate and phosphate buffers 
were also supplied by CIMEMT. 1 mg of each Fab sample was examined without 
further preparation in its solid form. Reconstitution was performed by dissolving, 
5 mg of freeze-dried sample in 0.5 ml of solvent to obtain a concentration of ~10 
mg/ml. 
5.2.2 Spectra Collection  
All Raman spectra for the liquid samples were collected as described for the pH 
and temperature study of the model proteins in section 2.2.2 and 4.2.4. In addition, 
a single spectrum of each buffer was collected. For the freeze-dried samples, 8 
spectra were collected, and the exposure time was 10s with 12 accumulations 
(total collection time of 2 mins) and 30 mW laser power at the source. 
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5.2.3 Data Preprocessing 
Except for buffer subtraction which is discussed in section 5.3.2. Data 
preprocessing was carried out as established for the model samples (section 2.3) 
The spectrum collected at ~45 °C was excluded from both WTFab and MT1-1 
samples due to distortion by a cosmic ray in the former that could not be removed 
without interfering with the spectrum. For 2DCA, spectra were interpolated in 
steps of ~0.3 and 2.4 for pH and temperature studies, respectively. 
5.3 Results & Discussion 
5.3.1  Buffer Influence  
Figure 5.2A displays the raw spectra of WTFab in water and water only. In the 
WTFab spectra, peaks can be observed at ~760, 1003, 1209, 1237, 1447, 1550 and 
1640 cm-1. The assignments are listed in Table 1.1 (section 1.5.3). The water 
spectrum has a broad peak at ~1640 cm-1. In sodium phosphate buffer (Figure 
5.2B), there are additional peaks labelled in red in the WTFab spectra at ~875, 990 
and 1077 cm-1 that can be directly linked to buffer contribution. Figure 5.3 displays 
the raw spectra of WTFab in sodium acetate and sodium citrate buffer as well as 
pure buffer samples at pH 4.5 and 5.5. In the WTFab spectra, most of the peaks can 
be assigned to protein structure. However, there are also additional peaks labelled 
in red at ~838, 890, 927, 946, 1347 and 1415 cm-1 which can directly be linked to 
buffer contribution. The assignments for the buffer peaks are listed in Table 5.1. 
As discussed previously in section 1.5.3, a typical Raman protein spectrum also has 
peaks at similar wavenumbers to these buffer peaks. Protein peaks at ~830/850, 
880, 927/946, 1347 and 1415 cm-1 can be assigned to Tyr Fermi doublet 
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(Siamwiza et al., 1975); Trp (Miura et al., 1988);α-helix (Xie et al., 2003) or Trp 




Figure 5.2 Averaged (n=3) raw Raman spectra of 10 mg/ml WTFab, water and sodium 
phosphate buffer (NaP). (A) WTFab in water and water (B) WTFab in NaP and NaP.Raman 
spectrum was collected in 30 mins using an excitation length of 785 nm. Protein 
assignments are listed in Table 1.1 and buffer assignments are listed in Table 5.1. 
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Fig ure 5.  
 
Figure 5.3 Averaged (n=3) raw Raman spectra of 10 mg/ml WTFab in sodium acetate 
buffer (Ac) and sodium citrate buffer (Cit). (A) WTFab in Ac and Ac at pH 4.5 and 5.5 (B) 
WTFab in Cit and Cit at pH 4.5 and 5.5. Raman spectrum was collected in 30 mins using 
an excitation length of 785 nm. Protein assignments are listed in Table 1.1 and buffer 
assignments are listed in Table 5.1. 
This overlap of buffer and protein peaks necessitates the clarification of the degree 
of buffer influence on any observed spectral variation. Moreover, there is a 
potential for any change in the structure to be masked as a result of interfering 
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buffer peaks. One way to overcome this interference is to perform a buffer 
subtraction. 
Table 5.1 Buffer Raman peaks and proposed assignments. 
  




890 CH3COOH C-C stretch (Ng and Shurvell, 1987, 
Semmler and Irish, 
1988, Frost and 
Kloprogge, 2000) 
927 CH3COO- C-C stretch (Fournier et al., 1998, 
Frost and Kloprogge, 
2000, Wang et al., 
2005). 
1347 CH3 deformation (Frost and Kloprogge, 
2000, Wang et al., 
2005) 
1415 COO- C-O stretching (Ito and Bernstein, 




797 H2C6H5O7- C-C stretch (Elbagerma et al., 
2015) 
838 H2C6H5O7- C-C stretch 
947 HC6H5O7- C-C stretch 




875 P(OH)2 Symmetric 
stretching 
(Marshall and Begun, 
1989, Shaver et al., 




1077 PO2 Symmetric 
stretching 
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5.3.2  Solvent Subtraction  
In the previously discussed pH experiments, solvent subtraction involved the 
subtraction of a water spectrum containing a single peak at ~1640 cm-1 (section 
2.3.4). In this study, three buffers with differing sets of Raman peaks were used to 
control pH (Figure 5.2B and 5.3). Furthermore, due to the difference in the 
quantities of basic and acidic components required to obtain a specific pH of the 
buffer solution; sodium acetate and sodium citrate buffer spectra showed pH-
dependent changes at pH 4.5 and 5.5 (Figure 5.3). Therefore, the solvent 
subtraction process was relatively more complex and was addressed using a range 
of approaches, including buffer subtraction, water subtraction, as well as a 
combination of buffer and water subtraction in sequence. 
Buffer subtraction was performed by subtracting the corresponding buffer 
spectrum from the spectrum of WTFab in buffer solution. A water spectrum was 
also subtracted from WTFab in water as a control sample. The resulting spectra 
are shown in Figure 5.4. The occurrence of negative buffer peaks is due to using 
the buffer spectra from undiluted solutions. In the case of water subtraction, an 
appropriate adjustment of spectral intensity is adequate to reverse the 
appearance of a negative water peak. This approach for adjusting spectral 
intensities was applied to reverse the appearance of negative buffer peaks. As an 
example, Figure 5.5A shows the subtracted spectra obtained after adjusting the 
spectral intensities of sodium acetate buffer (pH 4.5). After subtracting 50,100 and 
150% of the pure buffer spectrum intensity; negative peaks can still be observed 
in the protein spectra. Although subtracting 150% of pure buffer spectrum may 
initially appear to be an excessive amount, it should be noted that due to the 
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varying peak intensities in a spectrum, each peak does not decrease by the same 





Figure 5.4 Buffer subtracted 10 mg/ml WTFab spectra showing retained negative buffer 
peaks of sodium phosphate buffer (NaP), sodium citrate buffer (Cit) and sodium acetate 
buffer (Ac). Preprocessing was carried out by baseline correction, smoothing, 
normalization and buffer subtraction. Raman spectrum was collected in 30 mins using an 
excitation length of 785 nm. Buffer peaks are shaded and assignments are listed in Table 
5.1.
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The spectrum obtained by subtracting 50% of the buffer spectrum intensity had 
negative buffer peaks with the least intensity; nevertheless, it also reveals a 
dominant water peak. There appears to be a compromise between the 
disappearance of buffer peaks and the appearance of the broad water peak. 
 
 
Figure 5.5 Adjustment of spectral intensities for solvent subtraction. (A) 10 mg/ml WTFab 
in pH 4.5Ac after subtraction of varying proportions of buffer spectrum intensities (B) 10 
mg/ml WTFab in pH 4.5Ac after subtraction of 50% of pH 4.5 Ac spectrum and varying 
proportions of a water spectrum. Buffer peaks are colour shaded. Preprocessing was 
carried out by baseline correction, smoothing, normalization, and solvent subtraction.  
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Therefore, the next approach was to try a subsequent water subtraction, as shown 
in Figure 5.5B. This approach still resulted in the appearance of negative buffer 
peaks 




Figure 5.6 Averaged (n=3) 10 mg/ml WTFab spectra after buffer (dilute) subtraction. (A) 
WTFab in water, Ac and NaP (B) WTFab in water, Cit and NaP. Buffer peaks are colour 
shaded and labelled in red. WTFab in water is the control sample. Preprocessing was 
carried out by baseline correction, smoothing, normalization, buffer subtraction and 
further baseline correction. Raman spectrum was collected in 30 mins using an excitation 
length of 785 nm.  
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A further approach was to subtract a buffer spectrum collected at the same 
concentration as the buffer in the examined protein-buffer solution (1 in 4).  
Using a diluted buffer spectrum resulted in a partial subtraction of the buffer peaks 
from the protein spectra (Figure 5.6). Buffer peaks at ~795, 838, 890 and 990 cm-
1 are no longer evident in the spectra. However positive peaks at ~875 and 1077 
cm-1 (from sodium phosphate buffer); ~927 cm-1 (from acetate buffer) and 1415 
cm-1 (from sodium citrate buffer) are still retained in their respective spectra. 
Partial subtraction indicates a difference in the response of individual peaks to the 
dilution approach. The partial and random retention of some of the buffer peaks 
in the subtracted spectra was considered to increase the tendency for a biased 
interpretation of the observed spectral variations. Therefore, water subtraction 
was considered as an alternative approach.  
5.3.2.2 Water Subtraction 
Water subtraction was chosen as the preferred method of solvent subtraction for 
the WTFab spectra due to the incomplete buffer subtraction. Buffer and protein 
spectra both contain a water peak at ~1640 cm-1. Therefore, it was possible to 
carry out a water subtraction across all spectra. Figure 5.7 shows the averaged 
spectra of WTFab after water subtraction. All the buffer peaks are still retained in 




Figure 5.7 Averaged (n=3) 10 mg/ml WTFab spectra after water subtraction only (A) 
WTFab in water , Ac and NaP (B) WTFab,in water, Cit and NaP. Preprocessing was carried 
out by baseline correction, smoothing, normalization, water subtraction and further 
baseline subtraction. Raman spectrum was collected in 30 mins using an excitation length 
of 785 nm. Buffer peaks are shaded, and protein peaks assignments are listed in Table 1.1.   
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5.3.3 pH-induced Spectral Variations 
The analysis of the pH-induced spectral variations were restricted to the 
wavenumber regions at ~640-760; 1230-1330; and 1447-1667 cm-1 because they 
contain only protein peaks (Figure 5.7). The most distinct spectral change is the 
loss of peak intensity at ~1237 cm-1 assigned to the β-sheet structure (Lippert et 
al., 1976, Li and Li, 2009). The loss of β-sheet structure in WTFab at pH 4.5 and 5.5 
compared to at ~pH 7 and in water suggests a degree of denaturation is occurring 
at lower pH. At pH 4.5 and 5.5, there is also a loss of peak intensity at ~1315 cm-1 
and 1315-1337 cm-1 in acetate and citrate buffer respectively suggesting a change 
in the α-helical symmetry (Tsuboi et al., 2000). Previous studies by Chakroun et 
al., 2016 using CD showed that there was no significant change in the secondary 
structure of WTFab at 20°C between pH 3.5-9, with ionic strength up to 100 mM. 
Changes in the secondary structure were only observed on heating WTFab, with it 
being most stable between ~pH 5-7. However, it was difficult to resolve the 
observed CD spectral changes into actual component structures. A potential 
reason for the difference in results is that CD is known to be less sensitive in 
estimating the secondary structure content particularly in proteins which have a 
mixture of α-helix and β structures (Micsonai et al., 2015, Khrapunov, 2009, López-
Peña et al., 2015). 
Two recent studies on WTFab using other techniques have confirmed 
conformational changes at low pH that are consistent with these results. Using 
small-angle x-ray scattering, Codina et al. (2019a) reported the occurrence of a 
more expanded conformation at pH 3.5, 4.5 and 5.5 compared to at ~pH 7. This 
conformational change was demonstrated to be limited to the CL domain using 
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molecular dynamic modelling and single-molecule Fӧrster resonance energy 
transfer. The loss of β-sheet following domain unfolding and loss of domain 
interfacial contacts at ~pH 3.5 has also been demonstrated using molecular 
dynamic simulation (Codina et al., 2019b). 
5.3.3.1 Effect of Buffer Type on pH-induced Variations 
WTFab spectra collected at pH 4.5 and 5.5 in two buffers (sodium acetate and 
sodium citrate) were compared to understand the effect of buffer type on the 
observed pH-induced spectral variations. In both buffers, WTFab shows a 
decreased peak intensity at ~1237 and 1315 cm-1 at pH 4.5 and 5.5 compared to 
at pH 7 and in water (Figure 5.8). However, the spectra of WTFab in citrate buffer 
has a decreased peak intensity at ~1337 cm-1 compared to in acetate buffer. This 
difference in the case of WTFab in citrate buffer suggests a distinction between the 
interaction of sodium citrate and sodium acetate ions with the protein. 
 
Figure 5.8 Averaged (n=3) Raman spectra (~1210-1370 cm-1) of 10 mg/ ml WTFab (A) 
WTFab in water, Ac (pH 4.5 and 5.5) and NaP (pH 7) (B) WTFab in water, Cit (pH 4.5 and 
5.5) and NaP (pH 7). Preprocessing as stated for Figure 5.7.  
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Citrate ions have been shown to preferentially accumulate on the protein surface 
compared to acetate ions (Barnett et al., 2015). Their surface location could 
facilitate enhanced interaction with α-helix side chains.  
5.3.4 2D Correlation Analysis  
As with the protein models in chapter 3 and 4, 2DCA was applied to the Raman 
spectra to further analyse the observed pH-induced variations. The overlapping 
buffer peaks, which are also changing in intensity, present a challenge compared 
to previously discussed samples with only protein peaks in the Raman spectra.  
The autocorrelation and synchronous 2DPCMW plots generated from WTFab 
Raman spectra (pH 4.5-7) are shown in Figure 5.9. As expected, the dominance of 
the buffer peaks in the spectra is reflected in both plots. The strongest auto peaks 
(875, 946, 990, 1077 and 1415 cm-1) and contours (2DPCMW plot) can be linked 
to the buffer whereas the weaker autopeaks and contours at ~1237 and 1337 cm-
1 arise from protein structural changes. Their positive sign, however, indicates that 
both peaks increase with increasing pH. The Raman spectra (pH 4.5 and 5.5) used 
to generate the plots were collected in citrate buffer. However, based on the 
spectra, the same dominance of buffer peaks would be expected even with acetate 
buffer (Figure 5.7). An examination of the spectral changes in both buffers using 
synchronous and asynchronous plots confirms that peaks at ~1237 and 1337 cm-
1 are changing in the same direction as indicated by the positive cross peaks 
(synchronous plots). The cross peaks in the asynchronous plots indicate that the 
spectral change at ~1315-1337 cm-1 occurs predominantly before that at 1237 cm-
1, in both acetate and citrate buffers.  
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Figure 5.9 (A) Autocorrelation and (B) synchronous 2DPCMW plot generated from the pH-
dependent Raman spectra of WTFab in water, Cit (pH 4.5 and 5.5), NaP (pH 7) and water. 
Buffers autopeaks are labelled in red. Protein autopeaks are labelled in black. Positive 
contours are shaded in red while negative contours are shaded in blue. Positive contours 
indicate increasing peak intensities in the direction of the perturbation while negative 
contours indicate decreasing peak intensities in relation to the perturbation. A darker 
shade and an increased number of contours indicate a relatively greater change in 
intensity. The scale on the colour bar is arbitrary. A moving window size of 3 and a 
maximum number of 4 contours was applied.
124 
 
Figure 5.10 Synchronous plot (SP) and Asynchronous plot (AP) generated from pH-
dependent spectra of 10 mg/ml WTFab (pH 4.5-7) (A) S P WTFab in water, Ac and NaP 
(B) SP WTFab in water, Cit and NaP (C) AP WTFab in water, Ac and NaP (D) AP WTFab in 
water, Cit and NaP. Shaded contours indicate negative cross peaks and unshaded contours 
indicate positive cross peaks. Positive cross peaks indicate two wavenumbers with 
perturbation induced intensity changes in the same direction (increasing or decreasing 
together). Negative cross peaks indicate two wavenumbers with perturbation induced 
intensity changes in opposite directions (one increasing and the other decreasing). 
Maximum number of contours=4. 
The limited number and simplicity of the observed spectral changes arising solely 
from protein structure compared to the previously discussed samples did not 
provide an occasion to fully explore the benefits of 2DCA, which performs to 
capacity in the context of multiple or complex responses.  
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5.3.5 Raman Spectra of Mutant Fab Samples and WTFab  
The four charge mutants were prepared, as stated in section 5.2.1. Figure 5.11A 
compares the Raman spectra of the aqueous solutions of the Fab charge mutants 
and WTFab, while Figure 5.11B compares the difference spectra of the four mutant 
samples after subtraction of WTFab. It is difficult to identify any significant 
difference between the mutant samples or in comparison to WTFab from Figure 
5.11A alone. However, in the difference spectra, there are some spectral variations 
at ~1003 and 1415 cm-1 (Figure 5.11B). MT1-1 and MT2-1 have a positive peak 
intensity at ~1003 cm-1, whereas MT3+1 and MT4+1 have a negative peak 
intensity. A Raman peak at ~1003 cm-1 is assigned to Phe, and its increased peak 
intensity has been associated with increased hydrophobicity (Xu et al., 2005, Xu et 
al., 2008) as well as pre-aggregation molecular interactions (Ota et al., 2016).  
The varying difference peaks suggest that compared to WTFab, the reduced 
positive charged mutants (MT1-1 and MT2-1) may have a more hydrophobic 
environment around the implicated Phe residues and an increased tendency to 
aggregate whereas the increased positive charge mutants (MT3+1, MT4+1) have 
a more solvent-exposed environment and a less tendency to aggregate. This 
deduction is consistent with the previous observations by Ahmad (2011). 
Nonetheless, it has been obtained from the simplicity of aqueous solutions without 
buffers and in non-aggregating conditions highlighting the predictive capability of 
Raman spectroscopy. Furthermore, these results suggest that the environment of 
Phe residues is indicative of each mutant’s aggregation tendency. The negative 
peak intensity at ~1415 cm-1 assigned to ionized carboxyl groups can be observed 




Figure 5.11 (A) Averaged (n=3) Raman spectra of 10 mg/ml WTFab, MT1-1, MT2-1, 
MT3+1 and MT4+1 solutions (B) Difference spectra of surface charged mutant Fab 
samples. Preprocessing was carried out by baseline correction, smoothing, normalization, 
water subtraction and further baseline subtraction. Raman spectrum was collected in 30 
mins using an excitation length of 785 nm. Difference spectra were obtained by 
subtracting the WTFab spectrum from each mutant spectrum.
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This difference can be confirmed by an examination of their spectra (Figure 5.11A) 
which shows that whereas MT4+1 and WTFab have a shoulder at ~1415 cm-1, the 
other samples have a defined peak instead. These observations suggest that 
MT4+1 has a similar profile of ionized carboxyl groups to WTFab, and this could 
have implications for their pH-dependent behaviour since this peak varies 
significantly with pH. 
5.3.6 pH-induced Variations 
As with the pH-dependent WTFab spectra discussed previously, only limited 
regions of the spectra were analysed due to buffer interference (Appendix A).  
Figure 5.12 compares the ~1210-1370 cm-1 region for all four mutants in water, 
sodium acetate and sodium phosphate buffer solutions. For MT1-1, slightly 
increased peak intensities can be observed at ~1237, 1315 and 1337 cm-1 at pH 7 
(sodium phosphate buffer) compared to at pH 4.5 and 5.5 (acetate buffer) and in 
water. This spectral variation suggests that MT1-1 has a slightly increased β-sheet 
and a different α-helix symmetry at ~pH 7 (sodium phosphate buffer) than at the 
other examined pH (Figure 5.12A). In contrast, a loss of peak intensity at ~1237 
cm-1 (loss of β-sheet) and 1315 cm-1 (α-helix) at pH 4.5 can be observed for MT2-
1 (Figure 5.12B).  
No significant peak intensity variations at either ~1237 and 1315-1337 cm-1 can 
be observed in the MT3+1 spectrum (Figure 5.12 C), suggesting that MT3+1 does 
not undergo a similar loss of β-sheet as WTFab in acetate buffer (pH 4.5 and 5.5). 
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Figure 5.12 Averaged (n=3) Raman spectra of 10 mg/ml mutant Fab samples in sodium 
acetate (Ac), sodium phosphate (NaP) and water (A) MT1-1 (B) MT2-1 (C) MT3+1 (D) 
MT4+1 Preprocessing was carried out by baseline correction, smoothing, normalization, 
water subtraction and further baseline subtraction. Raman spectrum was collected in 30 
mins using an excitation length of 785 nm. Protein assignments are listed in Table 1.1. 
 
On the contrary, a loss of peak intensity at ~1237 and 1315 cm-1 can be observed 
at pH 4.5 and 5.5 for MT4+1 (Figure 5.12D). The results suggest that apart from 
MT4+1, each mutant has a slightly different pH-dependent behaviour in 
comparison to WTFab. MT1-1 and MT3+1 exhibited no loss of β-sheet at pH 4.5 
and 5.5 in acetate buffer, and MT2-1 only shows a loss of β-sheet at ~pH 4.5.  
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Figure 5.13 Averaged (n=3) Raman spectra of 10 mg/ml mutant Fab samples in sodium 
citrate (Cit), sodium phosphate (NaP) and water (A) MT1-1 (B) MT2-1 (C) MT3+1 (D) 
MT4+1. Preprocessing was carried out by baseline correction, smoothing, normalization, 
water subtraction and further baseline subtraction. Raman spectrum was collected in 30 
mins using an excitation length of 785 nm. Protein assignments are listed in Table 1.1. 
 
Only MT1-1 showed an increased β-sheet at pH 7, possibly linked to an increased 
tendency to aggregate compared to the other mutants (Ahmad, 2011). MT3+1 is 
distinguished by having minimal structural changes in acetate and phosphate 
buffers. This observation may be linked to the solvent accessibility and location of 
its mutation compared to other mutants. The MT3+1 mutation is situated in a 
protein region with low solvent exposure on the variable light chain. All other 
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mutants have their mutations on the heavy chain; MT1-1 and MT4+1 on the 
variable heavy chain and MT2-1 on the constant heavy chain (Ahmad, 2011). 
For all mutants in citrate buffer (pH 4.5 and 5.5), a loss of peak intensity can be 
observed at ~1237, 1315 and 1337 cm-1 suggesting that they all exhibit similar 
structural changes to WTFab in citrate buffer at pH 4.5 and 5.5 (Figure 5.13 and 
Figure 5.8B). This observation may be linked to differences in acetate and citrate 
ions, namely their polyprotic vs monoprotic nature (Krukowski et al., 2017), as 
well as their preferential accumulation on the protein surface compared to acetate 
ions (Barnett et al., 2015).  
The results demonstrate that the alteration of surface charges whether by 
reduction or addition of positive charges had variable effects on the pH-dependent 
structural changes previously observed with WTFab in sodium acetate and 
phosphate buffers. Of all the mutants, MT4+1 shows the most similar spectral 
changes to WTFab in both sodium acetate and citrate buffers; possibly due to their 
similar ionization profiles mentioned earlier (section 5.3.5). Furthermore, WTFab 
and MT4+1 have been reported to have the closest predicted and highest solvent 
accessible area (SAS) values. The predicted SAS for WTFab and MT4+1 are 
21,275.1 and 21,359 respectively while MT1-1, MT2-1 and MT3+1 have predicted 
SAS values of 21,208.3, 21,241 and 21,260.4 respectively (Ahmad, 2011). 
Consequently, WTFab and MT4+1 are likely to engage in more solvent interaction 
than other mutants. Compared to WTFab, MT3+1 and MT1-1 demonstrate the 
most improved stability in acetate buffer (pH 4.5 and 5.5) followed by MT2-1. 
MT1-1 however, shows the least improved stability in sodium phosphate buffer 
compared to all other mutants. An important issue raised from this study is the 
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need to distinguish whether the observed structural changes originate from buffer 
or from pH changes. A combination of buffer and pH related structural changes 
have been identified. Modifying pH using acid and base as carried out with the 
model proteins in chapters 3 and 4 can be a convenient method to remove the 
buffer spectral signature; allowing only pH related spectral changes to be 
observed. 
Owing to the similar profile of the pH-induced spectral changes in the mutant 
Raman spectra with WTFab especially in citrate buffer, 2DCA was not included in 
this section as it did not provide any additional information (Appendix B). 
5.3.7 Freeze-dried Samples. 
Freeze-drying is a widely accepted and frequently utilized method to retain the 
stability of protein therapeutics, providing a longer shelf life than its liquid 
counterpart. However, the impact of freeze-drying, as well as the optimum 
conditions required, must be assessed during drug development to ensure that it 
is not detrimental to the protein’s stability and that the reconstituted product 
retains the stable structure of the protein (Franks and Auffret, 2007, Emami et al., 
2018). Accordingly, freeze-dried samples of WTFab and its mutants were 
examined. Figure 5.14 shows the spectra of the freeze-dried WTFab and its mutant 
samples. The main spectral variations can be observed at ~760 and ~1315-1337 
cm-1. The peak at ~760 cm-1 is assigned to Trp, and its increased intensities in the 
spectra of WTFab and MT3+1 compared to the other mutants suggest some of their 
Trp residues are in a more hydrophobic environment. This finding does not build 
on any previous observation from the solution spectra. No information about Trp 
residues in any of the samples was obtained. It is interesting to note that in 
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contrast to the liquid Fab sample spectra (Figure 5.11A), the peaks at ~1315-1337 
cm-1 generally have a higher intensity than the 1237 cm-1 peaks. This observation 
is possibly due to the different sample states. At ~1337 cm-1, MT3+1 has the 
highest intensity followed by MT2-1 and MT4+1 then MT1-1 and WTFab. The 
association of this peak with changes in the α-helix geometry has been discussed 
previously. Consequently, these spectral variations may therefore be monitoring 
such geometrical changes induced by the freeze-drying process or differences in 
the sample due to different charge interactions.  
 
Figure 5.14 Averaged (n=8) Raman spectra of 10 mg/ml freeze-dried WTFab and four 
surface charged mutant Fab samples. 1mg samples were examined in solid-state. 
Preprocessing was carried out by baseline correction, normalization and smoothing. 
Raman spectrum was collected in 120s using an excitation wavelength of 785 nm. 
 
 
5.3.7.1 pH-induced Spectral Variations 
WTFab and the mutants were examined as freeze-dried forms in the different 
buffers: acetate (pH 4.5 and 5.5); sodium citrate (pH 4.5 and 5.5) and sodium 
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phosphate (pH 7). However, only the MT2-1 and MT3+1 samples are discussed 
because of the significant intensity variations in the other sample data sets arising 
from a change of the laser.  
 
Figure 5.15 Averaged Raman spectra (n=8) of 10 mg/ml freeze-dried Fab samples and 
averaged Raman spectra (n=3) of reconstituted freeze-dried samples (A) freeze-dried 
MT2-1 in water, Ac and NaP (B) freeze-dried MT2-1 in water, Cit and NaP (C) 
reconstituted freeze-dried MT2-1 in water, Ac and NaP (D) reconstituted freeze-dried 
MT2-1 in water, Cit and NaP. Preprocessing of freeze-dried samples was carried out by 
baseline correction, normalization and smoothing. Raman spectrum was collected in 120s 
using an excitation wavelength of 785 nm. Preprocessing of reconstituted samples was as 
stated for Figure 5.13. 
 
All the spectra for the buffered freeze-dried samples of MT2-1 and MT3+1 were 
collected using the new laser. However, the spectral data set of the buffered freeze-
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dried samples for WTFab, MT1-1 and MT4+1 were acquired using both old and 
new lasers. The spectra from the new laser had a much higher intensity than the 
ones collected with the old laser despite normalisation of both data sets. For this 
reason, it was not possible to compare these mutants (MT2-1 and MT3+1) with 
the freeze-dried WTFab. However, MT2-1 and MT3+1 have been compared in 
different buffers as freeze-dried and reconstituted forms.  
Figure 5.15 displays the freeze-dried and reconstituted sample spectra of MT2-1. 
With the freeze-dried sample spectra, the peak intensity at ~1315-1337 cm-1 
varies significantly in intensity with the sample in phosphate buffer having the 
highest intensity compared to in water and the other buffers (Figure 5.15A and 
5.15B). Additionally, this peak intensity is increased at pH 4.5 compared to pH 5.5 
in both acetate and citrate buffers, suggesting a similar variation in α-helix 
orientation between the respective samples. Furthermore, the minimal intensity 
variations between the MT2-1 spectra at pH 4.5 (acetate and citrate buffer) and in 
water suggests that the α-helix symmetry is unchanged for these sample 
formulations but is different at pH 5.5 (acetate and citrate buffer) where the 
~1337 cm-1 peak has a lower intensity. These observations suggest that in the 
freeze-dried samples of MT2-1, the α-helix symmetry is different in phosphate 
buffer (pH 7) as well as in acetate and citrate buffer (pH 5.5). 
The freeze-dried MT2-1 sample spectra contrasts with the MT2-1 solution spectra 
(Figure 5.12B), where compared to the control, there was no change in the ~1315-
1337 cm-1 peak intensity in sodium phosphate buffer. With respect to changes in 
the β-sheet peak (~1237 cm-1), a loss of intensity, indicating a loss of β-sheet can 
be observed mainly at pH 5.5 in citrate buffer (Figure 5.15B). This spectral change 
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also differs from observations in the MT2-1 solution spectra (Figure 5.12B and 
5.13B) where a loss of β-sheet was indicated at pH 4.5 (acetate and citrate buffer) 
in addition to at pH 5.5 (citrate buffer). Upon reconstitution, the main distinction 
in the spectra (Figure 5.15C) compared to the freeze-dried sample spectra (Figure 
5.15A) is an increase in the peak intensity at 1237 cm-1 (MT2-1 in phosphate 
buffer) compared to MT2-1 in water and other buffers. This observation is possibly 
due to a degree of aggregation occurring in sodium phosphate buffer upon freeze-
drying. The reconstituted spectra (Figure 5.15C) also differs from the solution 
spectra (Figure 5.12B) as there is no spectral evidence for a loss of β sheet 
observed at ~pH 4.5 (acetate buffer). The lack of consistency highlighted by the 
absence of a spectral change suggesting a loss of β-sheet in the freeze-dried and 
reconstituted MT2-1 spectra but not in solution spectra suggests a difference 
between the samples either initially or as a result of freeze-drying. However, the 
loss of peak intensity at ~1237 cm-1 in citrate buffer (pH 4.5 and 5.5), is consistent 
with the results from the solution study (Figure 5.13B), suggesting that the freeze-
drying process did not affect the loss of β-sheet in MT2-1 at pH 4.5 and 5.5 (citrate 
buffer).  
In accounting for the reasons for differences between the freeze-dried, 
reconstituted solution and solution sample spectra; the extent to which factors 
including the sample state, pH and freeze-drying affect the observed variations are 
difficult to delineate completely. This issue raises the question of how to 
objectively compare the peaks in the solution and freeze-dried spectra supposedly 
at the same pH. As observed from the reconstituted sample spectra, the difference 
in the shape and height of the peaks at ~1315-1337 cm-1 between the solution and 
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freeze-dried sample spectra is likely due to differences in sample state because in 
general, the reconstituted sample spectra (Figures 5.15C and 5.15D) regain the 
same peak shape as the solutions.  
 
Figure 5.16 Averaged Raman spectra (n=8) of 10 mg/ml freeze-dried Fab samples and 
averaged Raman spectra (n=3) of reconstituted 10 mg/ml freeze-dried samples (A) 
freeze-dried MT3+1 in water, Ac and NaP (B) freeze-dried MT3+1 in water, Cit and NaP 
(C) reconstituted freeze-dried MT3+1 in water, Ac and NaP (D) reconstituted freeze-dried 
MT3+1 in water, Cit and NaP. Preprocessing of freeze-dried samples was carried out by 
baseline correction, normalization and smoothing. Raman spectrum was collected in 120s 
using an excitation wavelength of 785 nm. Preprocessing of reconstituted samples was as 
stated for Figure 5.13. 
 
A comparison of the WTFab and MT2-1 in these sample states will be useful to gain 
more insight into the observed spectral differences. Overall results suggest that 
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MT2-1 is least stable in phosphate buffer following freeze-drying compared to in 
acetate or citrate buffers.  
Figure 5.16 shows the freeze-dried and reconstituted sample spectra of MT3+1. 
Again, the peaks at ~1315-1337 cm-1 have the most significant spectral variations. 
with MT3+1 in water (pH 7) having the highest intensity. 
The results suggest that the α-helical geometry of freeze-dried MT3+1 in the 
buffers differs from that in water (Figure 5.16A and 5.16B). At pH 4.5 and 5.5 
(citrate buffer), there is a loss of peak intensity at ~1237 cm-1 indicating a loss of 
β-sheet (Figure 5.16B) consistent with the observations in the solution spectra 
(Figure 5.13C). This spectral change appears weaker in the case of acetate buffer 
(Figure 5.16A and Figure 5.12C). Upon reconstitution, a broadening of the peak at 
~1237 cm-1 can be observed in the MT3+1 spectrum at ~pH 7, sodium phosphate 
buffer (Figure 5.16C). The broadening may signal β-sheet aggregation (Li and Li, 
2009). 
In MT2-1, with a reduced positive surface charge, no such broadening upon 
reconstitution was observed in phosphate buffer. However, a slight increase in 
peak intensity, also suggestive of aggregation was observed (Figure 5.15C). Zhang 
(2016) showed that the ~pH 7 phosphate buffer was not optimal for the freeze-
drying of WTFab or its mutants, due to considerable monomer loss. Consequently, 
these spectral changes at pH 7, which can only be seen in the reconstituted and not 
the liquid sample spectra, suggest that the freeze-drying of MT2-1 and MT3+1 with 
sodium phosphate buffer induces additional structural changes compared to in 
solution. Contrary to spectral variations in the MT3+1 solution spectrum (Figure 
5.12C), an increased peak intensity at 1237 cm-1 suggestive of aggregation was 
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also observed at pH 4.5 and 5.5 (acetate buffer) compared to in water (Figure 
5.16C).  
Acetate buffer has also been reported as favouring monomer loss upon freeze-
drying compared to citrate buffer at the same pH (Zhang, 2016). It should also be 
noted that previously, MT3+1 demonstrated improved stability at pH 4.5 and 5.5 
in acetate solutions compared to citrate solutions (Figure 5.12C and 5.13C). 
Therefore, this aggregation tendency has likely been introduced through freeze-
drying in acetate buffer. The results show that MT2-1 has a similar stability profile 
in solution and upon reconstitution in citrate buffer (pH 4.5 and 5.5) and acetate 
buffer (pH 5.5). MT3+1 however, shows a different behaviour between solution 
and reconstituted states in both buffers suggesting decreased stability in acetate 
buffer (pH 4.5 and 5.5) and phosphate buffer. 
5.3.7.2 2D-Correlation Analysis 
In addition to peak shifts discussed in sections 3.3.3.3 and 4.3.2.3, spectral features 
such as broadening can be identified using generalised 2D-correlation plots (Noda 
and Ozaki, 2005). Therefore, synchronous and asynchronous plots (Figure 5.17) 
were generated to examine the broad feature in the reconstituted sample spectra 
of MT3+1 at pH 7. There is no autopeak at 1237 cm-1, but at ~1268 cm-1 in the 
synchronous plot and the contour pattern does not a suggest broadening of the 
~1237 cm-1 peak is occurring. A four-way symmetric pattern (including a 
dominant central peak as well as smaller auto peaks and negative cross peaks) in 
the synchronous plot and a cross pattern in the asynchronous plot  is associated 




Figure 5.17  2D-correlation analysis of the pH-dependent Raman spectra of reconstituted 
MT3+1 from pH 4.5-7. pH 4.5 and 5.5 (sodium citrate buffer) and pH 7 (sodium phosphate 
buffer). (A) Synchronous plot (B) Asynchronous plot. Shaded contours indicate negative 
cross peaks and unshaded contours indicate positive cross peaks. Positive cross peaks 
indicate two wavenumbers with perturbation induced intensity changes in the same 
direction (increasing or decreasing together). Negative cross peaks indicate two 
wavenumbers with perturbation induced intensity changes in opposite directions (one 
increasing and the other decreasing). Maximum number of contours=4. 
 
The asynchronous plot has a negative cross peak (1237,1268), suggesting the 
presence of an overlapped peak at ~1268 cm-1. A Raman peak at ~1268 cm-1 is 
associated with α-helix (Yu et al., 1972). Consequently, the broad feature in the pH 
7 (phosphate buffer) MT3+1 spectra, which has an increased intensity compared 
to the other spectra is likely arising from α-helix unfolding and not aggregation. 
This observation is possibly linked to the different α-helix orientation of MT3+1 as 
suggested from a comparison of the freeze-dried Raman spectra of WTFab and all 
the mutants (Figure 5.14).  
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5.3.8  Comparison of WTFab and Surface Charge Mutants 
Table 5.2 shows a summary and comparison of the pH-dependent behaviour of 
WTFab and the four mutants in the different sample states. The black triangles 
indicate a variation in the peak intensity at ~1237 and or 1315-1337 cm-1 
compared to the control and the black dash implies that no change was observed 
at any of these peaks with respect to the control. A combination of both symbols 
separated by a slant indicates the response at pH 4.5 and 5.5, respectively. The 
control is the specific sample in water in the respective sample states.  
A stability ranking for the samples in buffer solutions has been proposed based on 
the control as a reference. The comparison assumes the control (pH 7) is the 
reference for good stability based on the observations from this study and 
previous work that WTFab is stable at pH 7. This ranking does not apply to the 
freeze-dried or reconstituted freeze-dried samples because the WTFab data has 
not been included in the table for reasons mentioned earlier. A ranking of 4 means 
a significant variation in the peak intensities at ~1237 and 1315/1315-1337 cm-1 
compared to the control indicating less stability than the control while a ranking 
of 1 means no change in the peak intensities with respect to the control implying 
comparable stability with the control. A ranking of 2 represents a situation where 
there is a variation in these peak intensities at either ~ pH 4.5 or 5.5.  
In solutions, MT1-1 and MT3+1 rank the most stable in acetate buffer followed by 
MT2-1 whereas WTFab and MT4+1 are the least stable in acetate buffer. MT1-1 is 
the least stable in phosphate buffer, and all the samples have similar stability in 
citrate buffer.  
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Table 5.2 Comparison of WTFab and surface charge mutants. The black triangles and black 
dash indicate a variation and no change with respect to the control, respectively. Ac-
(sodium acetate buffer, pH 4.5 and 5.5); Cit-(sodium citrate buffer, pH 4.5 and 5.5); NaP-
(sodium phosphate buffer, pH 7). A ranking of 4 means the sample is less stable compared 
to control. A ranking of 1 means as stable as control. A ranking of 2 means less stable or 
as stable as control at pH 4.5 or 5.5.
Sample  Solution Freeze-dried Reconstituted Ranking 
(solutions) 
Buffer Cit  Ac NaP  Cit  Ac NaP  Cit Ac NaP Cit Ac NaP 
WTFab ▼ ▼ ─ * * * * * * 4 4 1 
MT1-1 ▼  ─ ▼ * * * * * * 4 1 4 
MT2-1 ▼ ▼/─ ─ ─/▼ ─/▼ ▼ ▼ ─ ▼ 4 2 1 
MT3+1 ▼  ─ ─ ▼ ▼ ▼ ─/▼ ▼ ▼ 4 1 1 
MT4+1 ▼ ▼ ─ * * * * * * 4 4 1 
*data not included due to significant intensity variations. 
 
This ranking indicates that in the solution samples, the pH-dependent behaviour 
of mutants compared to WTFab is not divided along the lines of the nature of the 
mutation, i.e. reduced positive charge or increased positive charge. The different 
rankings for the mutant samples (MT1-1, MT2-1 and MT3+1) compared to the 
similar rankings for WTFab and MT4+1 in acetate and citrate buffer (pH 4.5 and 
5.5) suggest that the variations in their pH-dependent behaviour are influenced by 
the type of buffer as well by the ionization profile of the carboxyl groups.  
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5.4  Temperature Stability 
WTFab and only one mutant, MT1-1 were subjected to temperature studies due to 
the limited time available. 10 mg/ml of WTFab and MT1-1 solutions in water (pH 
7) were heated as described in section 2.4.2. Their autocorrelation plots and 
Raman spectra are displayed in Figure 5.18 and 5.19 respectively. As indicated 
from the spectra, there are some slight spectral intensity variations across the 
WTFab and MT1-1 spectra (Figure 5.18B and 5.19B). However, the indistinct 
nature of the spectral variations, as shown by the autocorrelation plots, makes it 
difficult to interpret these changes in terms of protein structure. At pH values 
above 5, WTFab has been shown to have apparent conformational stability 
temperatures (Tm app) above 75 °C (Chakroun et al., 2016). No similar studies have 
been reported for MT1-1. 
Figure 5.20 displays the synchronous 2DPCMW plots for both samples. The 
pattern of contours in the synchronous 2DPCMW plot is random supporting the 
observation that no significant temperature-dependent change has occurred and 




Figure 5.18 Temperature-dependent Raman spectral variations of 10 mg/ml WTFab 
between 28-65 °C (A) Autocorrelation (B) Raman spectra. Preprocessing was carried out 
by baseline correction followed by subtraction of the quartz spectrum, smoothing, 
normalisation to the peak at ~1447 cm-1, water subtraction and further baseline 




Figure 5.19 Temperature-dependent Raman spectral variations of 10 mg/ml MT1-1 
between 28-65 °C (A) Autocorrelation (B) Raman spectra. Preprocessing was carried out 
by baseline correction followed by subtraction of the quartz spectrum, smoothing, 
normalisation to the peak at ~1447 cm-1, water subtraction and further baseline 




Figure 5.20 Synchronous 2DPCMW plots generated from Temperature-induced Raman 
spectra (A) WTFab (B) MT1-1. Positive contours are shaded in red while negative 
contours are shaded in blue. Positive contours indicate increasing peak intensities in the 
direction of the perturbation while negative contours indicate decreasing peak intensities 
in relation to the perturbation. A darker shade and an increased number of contours 
indicate a relatively greater change in intensity. The scale on the colour bar is arbitrary. A 




This study investigated and compared the conformational stability profiles of five 
therapeutically relevant models, WTFab and four surface charge mutants (MT1-1, 
MT2-1, MT3+1 and MT4+1). An initial comparison of their difference Raman 
spectra in aqueous solutions suggested variations in the solvent exposure of Phe 
residues that could be linked to the type of mutation and aggregation tendency. 
The use of different buffers to control the protein sample pH was accompanied by 
additional complexity in the Raman protein spectra due to the presence of strong 
peaks arising from each buffer as well as pH-induced changes of some buffer 
peaks. Despite the use of buffers, water spectral subtraction was used as an 
alternative to buffer spectral subtraction due to the partial subtraction of some 
buffer peaks. Consequently, the application of 2DCA analysis was limited by the 
few wholly protein assigned spectral intensity variations. Due consideration 
should therefore be given to how the use of multiple buffers or a single buffer at 
different pH will affect the final spectral interpretation or subsequent 2DCA 
analysis.  
The WTFab results suggest a pH-dependent loss of β-sheet and variation in α-
helical symmetry at pH 4.5 and 5.5 compared to at pH 7 (sodium phosphate buffer 
and water). The spectral intensity variations in peaks assigned to α-helix 
symmetry were also observed to be buffer dependent at pH 4.5 and 5.5.  
The four mutant samples exhibited similar behaviour to the WTFab at ~pH 4.5 and 
5.5 in citrate buffer. In acetate buffer, only MT4+1 compared closely with WTFab 
revealing the same pH-dependent changes possibly due to having a similar profile 
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of ionized carboxyl groups. MT3+1 was the most stable sample overall in acetate 
buffer solution and MT1-1 was the least stable sample in phosphate buffer 
compared to WTFab and the other mutants.  
Since only MT2-1 and MT3+1 were analysed in the case of the freeze-dried and 
reconstituted samples, the proposal of the most stable candidate is limited to 
solution samples. Notwithstanding, the results indicate that the choice sample 
needs to be examined in the context of the solvent not just in solutions but for any 
subsequent stage such as freeze-drying. Citrate buffer appears to be less 
aggregation-prone compared to acetate and phosphate buffer. 
With respect to thermal stability, WTFab and MT1-1 showed no significant 
difference in their temperature-dependent behaviour up to 65 °C; nonetheless, the 
results suggest that MT1-1 was less perturbed than WTFab under the examined 
conditions.  
148 
6 Antibody Fragment Model using 
Ultraviolet Raman Resonance 
(UVRR) Spectroscopy and 2DCA 
6.1 Introduction 
As demonstrated by the initial investigation into the pH-dependent structural 
changes of WTFab and its mutants (chapter 5), a significant challenge to overcome 
is the overlapping of buffer peaks with protein peaks in the Fab Raman spectrum. 
The interference of the buffer peaks limits the analysis of spectral variations 
arising from protein structure. UVRR spectroscopy was utilised to study WTFab, 
and four of its surface charge mutants because it has been shown to have weaker 
vibrational modes for aqueous buffers compared to proteins due to differences in 
their maximum absorption wavelengths (Knee and Mukerji, 2009, López-Peña et 
al., 2015).  
UVRR is a form of Raman spectroscopy which uses laser excitation wavelengths in 
the UV region typically between (~180-415 nm) to obtain resonantly enhanced 
Raman signals up to 103-106 due to the occurrence of a molecular electronic 
absorption band near the applied laser wavelength (Asher, 1993, Oladepo et al., 
2012, Chadwick et al., 2015). As shown in Figure 6.1, resonant Raman scattering 
arises within an excited electronic transition state, whereas normal Raman 
scattering does not involve excited electronic transition states.  
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Figure 6.1 Schematic showing the difference between normal resonance and resonance 
Raman scattering. Image adapted from Asher (1993) and Smith and Dent (2005). 
Due to this wavelength dependence, vibrations arising from the affected electronic 
absorption bands will dominate the spectrum (Johnson et al., 1984, Wen and 
Thomas Jr., 1998, Takeuchi, 2011). In general, peptide bond vibrations dominate 
the spectrum from ~193-206 nm while aromatic amino acids vibrations 
predominate from ~220-250 nm (Asher et al., 1986, Asher, 2006, López-Peña et 
al., 2015). However, the level of peak intensity enhancement for a specific amino 
acid often varies significantly depending on the specific wavelength or 
surrounding environment in a protein (Ludwig and Asher, 1988, Wen and Thomas 
Jr., 1998, Chi and Asher, 1998). Apart from resonance enhancement of spectral 
intensities, UVRR spectroscopy also exhibits minimal fluorescence interference, 
particularly in the deep UV region, ~180-260 nm (Asher and Johnson, 1984, Smith 
and Dent, 2005). There is, however, an increased risk of sample 
photodecomposition due to the high energy of UV lasers. The detrimental impact 
of the laser on the sample can be minimised through sample rotation, replenishing 
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of sample volume and adjustment of spectral parameters (Smith and Dent, 2005, 
Ashton et al., 2013b, Jarvis and Goodacre, 2004). 
The results from the previous studies in chapter 5 suggested that all the mutant 
samples and WTFab share a similar stability profile in citrate buffer. They all 
showed a slight loss of β-sheet at pH 4.5 and 5.5. However, the autocorrelation and 
synchronous 2DPCMW plots were dominated by the buffer peaks. This study was 
aimed at investigating the presence of any additional stability differences between 
the mutant samples and WTFab that may have been masked by the buffer 
interference, using a combination of UVRR spectroscopy and 2DCA. 
6.2 Experimental 
6.2.1 Spectra Collection 
For the UVRR spectra collection, the Renishaw inVia confocal Raman microscope 
was adapted by exchanging the three visible holographic filters and grating (1200 
l/mm) with UV compatible filters and grating (3600 l/mm). The instrument was 
also coupled to an excitation wavelength of 244 nm (Lexer SHG laser). Calibration 
was performed using a diamond spectrum centred at ~1332 cm-1 (acquisition time 
of 1s). All UVRR spectra were acquired using a x40 UV objective lens. The spectra 
of the Fab solutions (~50 μL) were collected using a polystyrene 96-well plastic 
lid. The 96-well plastic lid has been previously used despite the strong UVRR signal 
of polystyrene since with appropriate positioning of the objective focus; it is 
possible to rule out any interfering polystyrene signals in the sample spectrum 
(Ashton et al., 2013b). For spectra collection, the correct objective focal position 
was determined by comparing a spectrum of the 96-well plastic lid with a 
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spectrum of WTFab placed in the same plastic lid. The absence of the polystyrene 
peaks (~1004, 1196 and 1604 cm-1) in the protein spectra confirms the correct 
focal position (Figure 6.2). 
 
 
Figure 6.2 UVRR spectra collection comparing Raman spectra of 10 mg/ml WTFab in a 
polystyrene 96-well plate lid and polystyrene 96-well plate lid. Preprocessing carried out 
by normalisation followed by smoothing. UVRR spectra were collected in 2 min using an 
excitation wavelength of 244 nm.  
The sample was rotated at 15 rpm on the well axis throughout the time of spectral 
acquisition to prevent photodecomposition of the sample (Jarvis and Goodacre, 
2004, Ashton et al., 2013b). Photodecomposition was monitored by examining 
white light images (Figure 6.3) as well as by examining spectra after collection. 
When the samples are not rotated, there is a significant loss of spectral features 
over a range of laser power settings as well as photodegradation in the white light 
image (Figure 6.3A). However, with rotation, the Fab sample retains its spectral 
features, and no significant signs of photodecomposition were observed with the 




Figure 6.3 Laser power adjustment for raw UVRR spectra with insert of white light images 
monitoring photodecomposition. (A) static MT2-1 samples (B) rotated MT2-1 samples. 
UVRR spectra were collected in 2 min using an excitation wavelength of 244 nm.  
 
Consequently, no significant signs of photodecomposition were observed when 
samples were rotated during spectral collection. For each spectrum, the exposure 
time was 10s with 12 accumulations (total exposure time of 2 minutes) and ~0.2 
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mW laser power at the sample. This low power was chosen despite the 
accompanying lower intensity spectrum because of the higher risk of 
photodecomposition with increasing power. A total of nine spectra were collected 
for each sample. In addition, three to four spectra of each buffer were also collected 
using the same instrument parameters.  
6.2.2 Sample Preparation 
12.5 mg/ml solution of Fab samples (WTFab, MT-1, MT2-1, MT3+1 and MT4+1) 
were supplied by CIMEMT along with 100 mM buffers of sodium acetate (pH 4-
5.5), sodium citrate (pH 4-6.5) and sodium phosphate (pH 7-7.5). Samples were 
prepared, and pH was measured as described in section 5.2.1. 
6.2.3 Data Preprocessing 
Compared to the previously discussed Raman spectra (section 2.2), the UVRR 
spectra required fewer preprocessing steps. Baseline correction and water 
subtraction were not required for the UVRR spectra of the Fab solutions because 
of the reduced background and absence of the water peak at ~1640 cm-1 in the 
protein spectra. However, normalisation and smoothing procedures were still 
carried out to minimise the intensity variations and reduce noise in the spectra, 
respectively. UVRR spectra were normalised using the standard normal variate 
method (SNV), followed by smoothing using a fast-smooth algorithm (Haver, 
2006).  
The SNV method (Barnes et al., 1989) involves the calculation of the mean spectral 
intensity of the spectrum. The mean intensity is subtracted from the original 
intensity values and divided by the standard deviation. It does not require a 
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reference intensity like the peak normalisation because its operation on each 
spectrum is independent of the remaining data set (Rinnan et al., 2009). This 
approach is more suitable for the UVRR spectra than the peak normalisation 
because of the selective resonant enhancement of different peaks. Data was also 
interpolated (section 2.5.1) to obtain evenly spaced data of ~0.4 before 2DCA. The 
number of spectra used for averaging varied between 5-9 across Fab samples due 
to extremely weak signals in some spectra detected during preprocessing (Table 
6.1). 
Table 6.1 Number (n) for UVRR Fab spectra averaging. pH 4-6.5 (citrate buffer), pH 7-7.5 
(Sodium phosphate buffer). The pH of all Fab samples in water was ~7.
Spectra WTFab MT1-1 MT2-1 MT3+1 MT4+1 
Water 7 7 8 9 8 
pH 4 7 9 7 8 8 
pH 4.5 5 8 8 8 7 
pH 5 5 8 9 9 9 
pH 5.5 6 9 9 9 9 
pH 6 7 9 9 8 9 
pH 6.5 5 9 8 8 9 
pH 7 6 9 7 9 9 
pH 7.5 5 8 7 8 8 
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6.3  Results & Discussion 
6.3.1 Buffer Influence  
Figure 6.4 compares the raw UVRR spectra of WTFab in water and selected buffers. 
In all cases, buffer peaks are not evident in the protein spectra (Figure 6.4B-D).  
 
Figure 6.4 Averaged raw UVRR spectra of 10 mg/ml WTFab and buffer (A) WTFab in 
water and water only (B) WTFab in sodium phosphate buffer (NaP) and NaP at pH 7 (C) 
WTFab in sodium acetate buffer (Ac) and Ac at pH 4.5 & 5.5 (D) WTFab in sodium citrate 
buffer (Cit) and Cit at ~pH 4.5 & 5.5. n=3 for buffer; 8 and 9 for WTFab in pH 4.5 Ac and 
5.5 Ac respectively. Other n values are listed in Table 6.1. UVRR spectra were collected in 
2 min using an excitation wavelength of 244 nm. Preprocessing carried out by 
normalisation and smoothing.  
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Sodium citrate and sodium acetate buffer spectra have peaks at ~1420 cm-1 
assigned to the ionization of carboxyl groups (Wang et al., 2005, Elbagerma et al., 
2015). The peak at 1650 cm-1 in the water and buffer spectra is assigned to 
bending vibrations of water (Ludwig and Asher, 1988). Regardless of buffer and 
across the pH-range (4-7.5), the buffer spectra are of considerably lower intensity 
compared to the protein spectra. Moreover, there are no visible buffer peaks in the 
protein spectra, indicating minimal interference from the buffers in protein 
spectra. 
6.3.2 pH-induced Spectral Variations (WTFab) 
 
Figure 6.5. Averaged UVRR spectra of WTFab in water (~pH 7.1), Cit (pH 4-6.5) and NaP 
(pH 7-7.5). Preprocessing carried out by normalisation and smoothing. UVRR spectra 
were collected in 2 min using an excitation wavelength of 244 nm. Assignments are listed 
in Table 6.2. Values for n are listed in Table 6.1.
 
With the buffer inference overcome, the next step was to examine WTFab and all 
four mutant samples using UVRR spectroscopy combined with 2DCA.  
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The Raman spectra of WTFab was collected in sodium citrate (pH 4-6.5) and 
sodium phosphate buffers (pH 7-7.5) and water. Spectral intensity variations can 
be observed mainly at ~1179, 1550 and 1617 cm-1 (Figure 6.5). The peaks at 
~1179, 1550 and 1617 cm-1 are assigned to Tyr, Trp and Tyr/Trp respectively 
(Table 6.2).  
Table 6.2 Proposed peak assignments for WTFab UVRR spectra. 
 
The nature of the peak intensity at ~1179 cm-1 has been reported as a marker for 
hydrogen bonding (Takeuchi, 2011). Low intensities suggest that Tyr is acting as 
a proton donor whereas high intensities suggest that Tyr is acting as a proton 
acceptor. Medium intensities are indicative of donor-acceptor or non-hydrogen 
bonding states. Overall, the peak intensities at ~1179 cm-1 (Figure 6.5) are low, so 
Peak (cm-1) Residue Assignment References 
1179 Tyr In-plane CH bend  
and ring stretching 
(Ludwig and Asher, 1988, 
Hildebrandt et al., 1988, 
Rodriguez-Mendieta et al., 
2005) 
 
1208 Tyr Symmetric stretch (Ludwig and Asher, 1988, 
Wen and Thomas Jr., 1998) 
1341/1363 Trp Fermi-doublet 
 
(Takeuchi, 2003, Takeuchi, 
2011, Hashimoto et al., 
1997) 
 
1550 Trp Indole ring vibration 
C-C stretch 
 
(Johnson et al., 1984, 
Hashimoto et al., 1997, 
Takeuchi, 2003)  
1617 Trp/Tyr In-plane  
ring stretching 
(Hildebrandt et al., 1988, Chi 
et al., 1998, Asher et al., 
1986, Takeuchi, 2003, 
Ludwig and Asher, 1988). 
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one may assume that Tyr is generally acting as a proton acceptor considering that 
Tyr is expected to be protonated in the examined pH range.  
Increasing and decreasing peak intensities of peaks assigned to aromatic residues 
are usually interpreted as markers signalling changes in their exposure to solvent. 
Increased intensities generally indicate a more hydrophobic environment while 
decreased intensities indicate an increased exposure to solvent (Kim et al., 2003, 
El-Mashtoly et al., 2005). The pH-induced spectral variations in Figure 6.5 suggest 
a change in the exposure of some Tyr and Trp residues. However, it is difficult to 
identify distinct pH trends visually. To gain further insight into the pH-induced 
changes, 2DCA was applied to the data.  
6.3.3 2D-Correlation Analysis of WTFab  
6.3.3.1 Autocorrelation and Synchronous 2DPCMW  
Autocorrelation and synchronous 2DPCMW plots were generated from the UVRR 
spectra of WTFab (Figure 6.6). The autopeaks at 1175, 1208, 1550 and 1617 cm-1 
appear at similar positions to the Raman peaks in Figure 6.5 (Figure 6.6A). 
There are also additional autopeaks at ~1588 and 1653 cm-1 which do not have 
corresponding peaks in the Raman spectra (Figure 6.5). A careful examination of 
the spectra (Figure 6.5) reveals that these autopeaks have possibly arisen from a 
broadening of the peak at ~1617 cm-1. Broadening may suggest the presence of 
other species or different conformations (Pieridou and Hayes, 2009, Copeland and 
Spiro, 1985); it may also arise due to fluctuations of laser power and optic 
parameters (Lednev et al., 2005, Alden et al., 1990). 
In the 2DPCMW plots, the contour sign changes at approximately every pH unit 
interval, indicating that there is no continuous change across any pH range for any 
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single peak (Figure 6.6B). These intensity variations may be due to the level of 
protonation in citrate and phosphate buffer as this has been shown to shift the 
maximum UV-absorption wavelength of aromatic molecules. (Alata et al., 2012, 
Grante et al., 2014).  
 
Figure 6.6 (A) Autocorrelation and (B) Synchronous 2DPCMW plots generated from pH-
dependent UVRR WTFab spectra. Blue coloured contours indicate peak intensity decrease 
with increasing pH. Red shaded contours show peak intensity increase with increasing 
pH. The scale on the colour has arbitrary units. A moving window size of 3 and a maximum 
number of 2 contours was applied.
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In aqueous solutions, a mixture of mono, di and tribasic citrate ion forms may be 
present depending on the environmental factors such as pH and temperature.  
In contrast, monoprotic buffers such as acetate buffer form only a mono ion 
(Krukowski et al., 2017). Consequently, the maximum absorption wavelength of 
polyprotic acids such as phosphate and citric acid tends to increase with pH, 
whereas that of acetate buffer remains relatively constant with pH (McConnell et 
al., 1993). As mentioned previously (section 5.3.3.1), citrate ions have been 
observed to accumulate on the protein surface preferentially. The pH response, as 
well as preferential accumulation of citrate ions on the protein surface of WTFab, 
might account for a more significant resonance effect and consequently a high 
sensitivity to changes in intensity.  
 
It is interesting to note that there is a similarity between the contour patterns for 
the autopeaks at ~1175 and 1617 cm-1 (Figure 6.6B). Inferring from Noda’s rules 
about the appearance of synchronous cross peaks (section 1.6.2), this similarity 
indicates that both autopeaks have a similar origin or may be assigned to the same 
type of residue. This ability to clarify peak assignments is undoubtedly one of the 
significant advantages of applying 2DCA.  
In the UVRR spectroscopy of aromatic residues, one of the most resonantly 
enhanced electronic transitions is the La π-π* transition, affecting Tyr side chains 
at ~1618 (Y8a) and 1175 cm-1 (Y9a) (Ludwig and Asher, 1988). Trp residues can 
also be excited at this wavelength with overlapping peaks at ~1614-1620 cm-1 
(Table 6.2). Nevertheless, based on the similar behaviour with the autopeak at 
1175 cm-1 which is wholly associated with a Tyr Raman peak (Table 6.2), the peak 
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at ~1617 cm-1 in the Fab spectra is likely associated with Tyr residues rather than 
Trp residue.  
The positive contours at ~1175 and 1617 cm-1 suggest an increasing peak 
intensity from pH 4.5 and 6 compared at neutral pH (native pH) where negative 
contours are observed. This lower peak intensity at lower pH suggests that these 
Tyr residues are in a less hydrophobic environment with increased solvent 
exposure. Whereas at neutral pH, the Tyr residues are less solvent-exposed.  
This observation interestingly complements the results from chapter 5, where 
information about the aromatic residues was not obtained due to overlapping 
buffer peaks. Thus, in addition to the loss of β-sheet at pH 4.5 and 5.5, there is 
possibly an increased solvent exposure of aromatic residues. These results are 
consistent with the previous observation of increased solvent exposure of an 
aggregation-prone region on the CL domain at low pH (Codina et al., 2019a, Codina 
et al., 2019b). 
6.3.3.2 Asynchronous 2DPCMW  
As discussed, the synchronous 2DPCMW plots reveal how the spectral intensity 
changes with the perturbation, whereas the asynchronous 2DPCMW plot aids the 
identification of specific transition regions in the data (section 1.6.4).  
Due to the change at every pH unit in the synchronous 2DPCMW, it was necessary 
to identify the transition points in the data using the asynchronous 2DPCMW plot 
so that the data could be grouped appropriately for further analysis. Specifically, 
clarification of nature spectral changes occurring from ~1570-1710 cm-1 using 2D-
correlation plots. As discussed in section 5.3.7.2, spectral changes such as 
broadening can be clearly identified from patterns in synchronous and 
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asynchronous plots. Figure 6.7 shows the asynchronous 2DPCMW plot. The 
broken red line indicates the inflection point in the data at ~pH 5.2. This pH value 
links with the previously discussed stability of WTFab above ~pH 5.5 and divides 
the data into just two regions, making it easier to analyse using generalised 2DCA. 
 
 
Figure 6.7 Asynchronous 2DPCMW plot generated from the pH-dependent UVRR spectra 
of WTFab. The red broken line indicates the transition point along the perturbation axis. 
The scale on the colour bar has arbitrary units. A moving window size of 3 and a maximum 
of 2 contours was applied. 
 
6.3.3.3 Synchronous and Asynchronous plots 
Synchronous and asynchronous plots were generated for the spectral region, 
~1570-1710 cm-1. In Figure 6.8A, the synchronous plot (pH 4-5.2) depicts a 
pattern of contours that is typical of single peak broadening at ~1617 cm-1 (Noda 
and Ozaki, 2005). This broadening can also be observed at a higher pH range 
(Figure 6.8B). However, the corresponding asynchronous plots are not a cross 
pattern as expected in the case of a single peak broadening (Noda and Ozaki, 
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2005). This occurrence suggests that broadening is only part of the spectral change 
occurring. The asynchronous plot instead reveals a butterfly pattern with 
elongated peaks close to the diagonal, which is a strong indication of the presence 
of a peak shift with intensity changes (Noda and Ozaki, 2005). 
 
Figure 6.8 Synchronous (SP) and Asynchronous plots (AP) generated from pH-dependent 
UVRR spectra of WTFab. (A) SP, pH 4-5.2 (B) SP, pH 5.5-7.5 (C) AP, pH 4-5.2 (D) AP, pH 
5.5-7.5. The red arrows indicate the proposed peak shift direction. Shaded contours 
indicate negative cross peaks and unshaded contours indicate positive cross peaks. 
Positive cross peaks indicate two wavenumbers with perturbation induced intensity 
changes in the same direction (increasing or decreasing together). Negative cross peaks 
indicate two wavenumbers with perturbation induced intensity changes in opposite 
directions (one increasing and the other decreasing). Maximum contour level=8.
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In addition to the elongated cross peaks, one would also expect to observe smaller 
cross-peaks of opposite signs away from the diagonal (next to the elongated cross 
peaks). In Figure 6.8C & 6.8D, the cross peaks away from the diagonal are of 
opposing signs but are of similar size or larger than the elongated cross peaks near 
the diagonal. This difference could be as a result of the combination of broadening 
with a peak shift. The proposed peak shift direction is interpreted using a different 
rule from the standard set of Noda’s rules (section 1.6.3). Consequently, the 
sequential order interpretation does not apply in the case of peak shifts. Where 
the elongated cross peak above the diagonal in the asynchronous plot is negative 
and that below is positive then the peak shift occurs from right to left on the 
horizontal axis and from top to bottom on the vertical axis (Noda and Ozaki, 2005). 
Therefore, in Figure 6.8, the proposed peak shift occurs from higher wavenumber 
to lower wavenumber in the ~1588 to 1653 cm-1 region at low pH (pH 4-5.2) and 
in the opposite direction at higher of pH 5.5-7. The opposing directions may 
account for differences in the stability of WTFab in the two pH ranges.  
The peak at ~1617 cm-1 appears central to the peak shift. However, it is difficult to 
unambiguously interpret whether or how other wavenumbers are involved in the 
observed shift; because the synchronous plot is complicated by broadening, and 
there are multiple cross peaks in the asynchronous spectrum. Nevertheless, the 
appearance of such cross peaks has been highlighted as not being a valid reason to 
dismiss a single peak shift, since the butterfly pattern is a strong indicator of a peak 
shift (Noda and Ozaki, 2005).  
Although only the 1617 cm-1 peak is visible in the spectra, it is essential to note 
that Tyr peaks may occur between ~1554-1620 cm-1 (Table 6.3). UVRR Tyr peaks 
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at ~1617 cm-1 (Y8a), and ~1600 (Y8b) are assigned to asymmetric and anti-
asymmetric vibrational modes arising from the substituted benzene ring in the Tyr 
side chain (Copeland and Spiro, 1985). They have been studied widely for their 
peak shifts signalling the Tyr protonation, deprotonation and hydrogen bonding.  
Compared to (Y8a), (Y8b) tends to be generally less resolved in spectra, often 
appearing as a weak shoulder (Ludwig and Asher, 1988, Pieridou and Hayes, 
2009). During deprotonation as in high alkaline pH, downshifts have been 
reported to occur to ~1600 cm-1 for (Y8a) and ~1554 cm-1 for (Y8b) (Hildebrandt 
et al., 1988, Pieridou and Hayes, 2009, Takeuchi, 2011). On the other hand, 
protonation has been associated with slight upshifts of ~1600 cm-1 (Y8b) with a 
corresponding decrease in the peak intensity at ~1617 cm-1 (Y8a) (Rodgers et al., 
1992). Downshifts of (Y8a) have also been associated with increased hydrogen 
bond donation, and upshifts are linked with decreased hydrogen bond donation 
(El-Mashtoly et al., 2005). It is unlikely that Tyr is deprotonated within this 
examined pH range pH 4-5-7 due to the high pKa (~10.2) of aqueous Tyr (Pieridou 
and Hayes, 2009). Also, the ~1617 cm-1 peak does not disappear at any point in the 
spectra as would be expected in the case of deprotonation. Furthermore, it is 
difficult to link the peak shift to protonation since the associated spectral changes 
were not observed.  
Therefore, the proposed direction of the peak shifts possibly suggests a change in 
hydrogen bonding donation. At higher pH (5.5-7.5), there is decreased hydrogen 
bond donation due to an upshift of Y8a (1617 cm-1) whereas an increased hydrogen 
bond donation is occurring at lower pH. This decreased hydrogen bond donation 
may explain the increased stability of WTFab above ~pH 5.5. The loss of domain 
interfacial contacts has been reported to precede domain unfolding and loss of 
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secondary structure in WTFab (Codina et al., 2019b). Thus, the decreased 
hydrogen bond donation featuring Tyr at high pH may indicate the retention of 
such interfacial contacts particularly in the VH-VL region where Tyr residues (n=6) 
outnumber Trp or Phe residues (n=2) (Codina et al., 2019b). 
Table 6.3 Reported UVRR Tyr peak positions from ~1550-1620 cm-1.
Peak (cm-1) Vibration References 
1554,1587,1593,1597,1600 
 
(Y8b) (Ludwig and Asher, 1988, 
Hildebrandt et al., 1988, Pieridou and 
Hayes, 2009, El-Mashtoly et al., 2005, 
Takeuchi, 2011, Rodriguez-Mendieta 




Whereas it has been repeatedly mentioned in previous chapters that autopeaks 
may have a position close to an observed Raman peak in the spectra; it is difficult 
to arrive at that conclusion for the autopeaks at ~1588 cm-1 and 1653 cm-1.  
The closest Raman peaks in the spectra are ~1550 and 1617 cm 1. However, there 
are autopeaks at ~1550 and 1617 cm-1, respectively (Figure 6.6A). There is a 
possibility that the autopeaks represent spectral intensity variations in 
overlapped Raman peaks at ~1588 and 1653 cm-1 assigned to Tyr/Phe or Trp 
(Hildebrandt et al., 1988, Chi et al., 1998) and β-turn/sheet (Chi et al., 1998, Huang 
et al., 2006) respectively. A Tyr Raman peak at ~1587 cm-1 (Y8b) has been 
attributed to a strong hydrogen bond with another residue (Hildebrandt et al., 
1988). In the case of Tyr residue being linked to the autopeak at ~1588 cm-1, its 
shared origin with ~1653 cm-1 as indicated from the contour pattern in the 
synchronous 2DPCMW plot, as well as their joint involvement in the broadening, 
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may represent the formation of hydrogen bonds between the Tyr residue(s) and 
the carbonyl groups in the folded β-turns (Figure 6.6B).  




Figure 6.9 Averaged UVRR spectra of 10 mg/ml mutant Fab in water (pH 7.1), Cit, (pH 4-
6.5) and NaP (pH 7 and 7.5). (A) MT1-1 (B) MT2-1. Values for n are listed in Table 6.1. 
Preprocessing carried out by normalisation and smoothing. UVRR spectra were collected 
in 2 min using an excitation wavelength of 244 nm. Assignments are listed in Table 6.2
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The four mutant samples, MT1-1, MT2-1, MT3+1 and MT4+1, were also examined 
using UVRR spectroscopy and 2DCA. As mentioned in section 5.1, the surface 
charges of these samples have been modified by either reducing or increasing 
positive charges. MT1-1 and MT2-1 both have one less positive charge in the VH 
and CH domains, respectively, whereas MT3+1 and MT4+1 have one more positive 
charge in the VL and VH domains, respectively.  
 
 
Figure 6.10 Averaged UVRR spectra of 10 mg/ml mutant Fab in water (pH 7.1), Cit, (pH 4-
6.5) and NaP (pH 7 and 7.5). (A) MT3+1 (B) MT4+1. Values for n are listed in Table 6.1. 
Preprocessing carried out by normalisation and smoothing. UVRR spectra were collected 
in 2 min using an excitation wavelength of 244 nm. Assignments are listed in Table 6.2
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Figure 6.9 and 6.10 shows the averaged preprocessed spectra for the mutant 
samples. The main peak assignments are listed in Table 6.2. In contrast to WTFab, 
the spectral sets corresponding to each mutant sample reveal minimal differences 
upon visual inspection. 
6.3.5 2D-Correlational Analysis (MT1-1 and MT2-1) 
6.3.5.1 Autocorrelation and Synchronous 2DPCMW  
 
Figure 6.11 Autocorrelation and Synchronous 2DPCMW plots generated from the pH-
dependent UVRR spectra of mutant Fab samples (A & B) MT1-1 (B & D) MT2-1. Blue 
coloured contours indicate a peak intensity decrease with increasing pH. Red shaded 
contours show a peak intensity increase with increasing pH. The scale on the colour bar 
has arbitrary units.  A moving window size of 3 and a maximum of 2 contours was applied.
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Figure 6.11 displays the autocorrelation plots and the corresponding synchronous 
2DPCMW plots generated from the UVRR spectra of MT1-1 and MT2-1. The 
autopeaks from the mutant samples reflect changes not evident from the spectra 
(Figure 6.9). As discussed previously, the autopeaks at 1175 and ~1550 cm-1 in the 
MT1-1 and MT2-1 autocorrelation plots indicate variations in the intensities of 
Raman peaks assigned to Tyr and Trp respectively suggesting changes in hydrogen 
bond donation and solvent exposure with pH. MT2-1 has additional autopeaks at 
~1606 and 1624 cm-1 compared to MT1-1 suggesting spectral variations near the 
Tyr peak at ~1617 cm-1.  
6.3.5.2 Asynchronous 2DPCMW (MT1-1 and MT2-1) 
As with WTFab, asynchronous 2DPCMW and 2D-correlation plots were generated 
further to examine the spectral changes from ~1570-1710 cm-1. Transition points 
at ~pH 6.3 and 5.1 were identified for MT1-1 and MT2-1, respectively (Figure 
6.12). Although there appears to be a middle transition point for MT2-1 at ~pH 6 
(Figure 6.12B), it was not considered separately because it did not contain the 
minimum number of three spectra recommended for generalised 2D-correlation 
plots (Noda, 2016b, Noda, 2018). The contour pattern in the 2D-correlation 
synchronous and asynchronous plots was the same regardless of the inclusion or 




Figure 6.12 Asynchronous 2DPCMW plots generated from the pH-dependent UVRR 
Raman spectra of mutant Fab samples (pH 4.5-7.5). (A) MT1-1 (B) MT2-1. Red broken line 
indicates transition points along the perturbation axis. The scale on the colour bar has 
arbitrary units. A moving window size of 3 and a maximum of 2 contours was applied. 
6.3.5.3 Synchronous and Asynchronous plots (MT1-1 and MT2-1) 
Figure 6.13 displays the 2D-correlation plots (~1570-1710 cm-1) for MT1-1. The 
similarity between the plots in the two pH ranges indicate that the spectral change 
is similar across the entire pH range. An autopeak at ~1593 cm-1 is now evident, 
indicating possible changes with Tyr residues (Table 6.3). However, the remainder 
of the plot is difficult to interpret likely due to the weakness of the spectral changes 
as shown in its autocorrelation and synchronous 2DPCMW plots (Figure 6.11A and 
6.11B). Figure 6.14A displays the MT2-1 synchronous plots. There is a cross 
pattern which indicates the broadening of the ~1617 cm-1 peak (pH 4-5.2). The 
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corresponding asynchronous plot pattern indicates a peak downshift occurring in 
each pH range.  
 
Figure 6.13 Synchronous plot (SP) and Asynchronous plot (AP) generated from the pH-
dependent UVRR spectra of MT1-1 (A) SP, pH 4-6.3 (B) SP, pH 6.7-7.5 (C) AP, pH 4-6.3 (D) 
AP, pH 6.7-7.5. Shaded contours indicate negative cross peaks and unshaded contours 
indicate positive cross peaks. Positive cross peaks indicate two wavenumbers with 
perturbation induced intensity changes in the same direction (increasing or decreasing 
together). Negative cross peaks indicate two wavenumbers with perturbation induced 
intensity changes in opposite directions (one increasing and the other decreasing). 
Maximum contour level=4.  
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Unlike with WTFab where broadening was also observed, a comparison of the 
autopeaks in the two pH ranges, 4-5.2 and 5.5-7.5 reveals different sets of 
wavenumbers. The different values of the autopeaks in the pH 4-5.2 (1593, 1615) 
and pH 5.5-7.5 (1606, 1624) ranges suggest a shift at two different wavenumbers. 
As previously discussed in section 6.3.3.3, a butterfly pattern in the corresponding 
asynchronous plot clearly indicates a peak shift. The MT2-1 synchronous 
spectrum (Figure 6.14B) is uncomplicated by broadening. It features what is 
referred to as a four-leaf-clover cluster pattern indicative of two overlapped bands 
with changing intensities or a peak shift ((Noda and Ozaki, 2005). The 
corresponding asynchronous plot (Figure 6.14D) has a butterfly pattern 
confirming the presence of a peak shift.  
As discussed previously, Tyr peaks may appear between ~1600-1620 cm-1 (Table 
6.3). Thus, the two sets of autopeaks possibly represent Tyr peak upshifts from 
1593 to ~1606 cm-1 (Y8b) and ~ 1615-1624cm-1 (Y8a) as pH is increased from 4-
7.5. Using UVRR spectroscopy, Jones et al. (2014) investigated the closed-open 
transition effected by calcium-induced changes in calmodulin protein. They 
observed similar overlapping Tyr peak shifts at ~1600-1620 cm-1 which they 
associated with the donation of a hydrogen bond by Tyr138 to Glu82 following the 
increased solvent exposure of Tyr138. The original UVRR Tyr peak was at ~1616 
cm-1 (closed transition state) however upon calcium-binding (open transition 
state) UVRR difference spectra and singular value decomposition (SVD) analysis 




Figure 6.14 Synchronous plot (SP) and Asynchronous plot (AP) generated from the pH-
dependent UVRR spectra of MT2-1. (A) SP, pH 4-5.2 (B) SP, pH 5.5-7 (C) AP, pH 4-5.2 (D) 
AP, pH 5.5-7.5. The red arrow shows the proposed peak shift directions. Shaded contours 
indicate negative cross peaks and unshaded contours indicate positive cross peaks. 
Positive cross peaks indicate two wavenumbers with perturbation induced intensity 
changes in the same direction (increasing or decreasing together). Negative cross peaks 
indicate two wavenumbers with perturbation induced intensity changes in opposite 
directions (one increasing and the other decreasing). Maximum contour level=4. 
 
As previously discussed in section 6.3.3.3, the upshift of the Tyr peaks (Y8a) is 
associated with decreased hydrogen donation (El-Mashtoly et al., 2005). Upshifts 
of (Y8b) have also been partly associated with protonation (Rodgers et al., 1992).  
It is expected that protonation will be linked to a decreased hydrogen bond 
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donation. Consequently, these overlapping peak shifts may represent a decreased 
hydrogen bond donation from ~pH 5.5-7 compared to at ~pH 4-5.2. As suggested 
for WTFab, the decreased hydrogen bond donation at higher pH may also be linked 
to its higher stability above pH 5.5 observed in citrate buffer (section 5.3.5). 
The broad autopeak at ~1653 cm-1 may also signal hydrogen bond interactions of 
Tyr with carbonyl groups as discussed for WTFab. 
6.3.6 2D-Correlation Analysis (MT3+1 and MT4+1) 
6.3.6.1 Autocorrelation and Synchronous 2DPCMW 
 
Figure 6.15 Autocorrelation and Synchronous 2DPCMW plots generated from the pH-
dependent UVRR spectra of mutant Fab samples (A & B) MT3+1 (B & D) MT4+1. Blue 
coloured contours indicate a peak intensity decrease with increasing pH. Red shaded 
contours show a peak intensity increase with increasing pH. The scale on the colour bar 
has arbitrary units. A moving window of size of 3 and a maximum number of 2 was 
applied.  
176 
Autocorrelation and synchronous 2DPCMW plots were also generated for MT3+1 
and MT4+1 (Figure 6.15). There are autopeaks at 1611 and 1635 cm-1. The other 
autopeaks are at similar positions to those obtained for MT1-1, MT2-1 and WTFab.  
 
 
Figure 6.16 Asynchronous 2DPCMW plot generated from pH-dependent UVRR Raman 
spectra. (A) MT3+1 (B) MT4+1. Red broken line indicates a transition point along the 
perturbation axis. The scale on the colour bar has arbitrary units. A moving window of 
size of 3 and a maximum number of 2 was applied.   
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The pattern of contours in their synchronous 2DPCMW plots is different from 
MT2-1 and WTFab, suggesting some differences in their pH-dependent behaviour. 
Transition points were identified at ~pH 5.9 for MT3+1, and none was identified 
for MT4+1 (Figure 6.16B). 
6.3.6.2 Synchronous and Asynchronous plots  
Synchronous and asynchronous plots were also generated from the pH-dependent 
UVRR spectra of MT3+1 and MT4+1. The MT3+1 synchronous plot (Figure 6.17A) 
depicts a pattern indicative of broadening at ~1611 cm-1 as observed with WTFab 
and MT2-1. In contrast to WTFab, the corresponding asynchronous plot indicates 
the presence of overlapped peaks (Figure 6.17C). The two resolved cross peaks in 
the asynchronous plot near ~1600 cm-1 suggests the presence of overlapped UVRR 
peaks (1593 and 1611 cm-1) with changing intensities (Noda and Ozaki, 2005). 
These peak intensities (from pH 4-5.9) can be observed to decrease and increase 
respectively in the synchronous 2DPCMW plot (Figure 6.15B) and have been 
linked to Tyr vibrations (Y8a) and (Y8b) respectively (Table 6.3).  
As earlier discussed in section 6.3.2, increased peak intensities indicate a more 
hydrophobic environment, whereas decreased peak intensities indicate a more 
solvent-exposed environment. Thus, these opposing spectral intensity changes 
may signal two different environments of some Tyr residues. Conversely, the 
spectral changes may reflect opposing Tyr vibrations; symmetric (Y8a) and 
antisymmetric (Y8b), of Tyr residues in the same environment.  
In the ~pH 6.3-7.5 range, the synchronous plot depicts an angel pattern (Figure 
6.17B). As previously discussed in section 3.3.3.3, the angel pattern can be either 
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indicative of two overlapped peaks with markedly different intensities or a peak 
shift (Noda & Ozaki, 2005). The exact interpretation is dependent on the pattern 
of the cross peaks in the corresponding asynchronous plot (Figure 6.17D). 
Since the asynchronous plot lacks a butterfly pattern, no peak shift is indicated. 
Therefore, the angel pattern here indicates two overlapped peaks with markedly 
different intensities. Again, this is evident from the synchronous 2DPCMW plot in 
Figure 6.15B with a large positive contour ~1593 cm-1 and a weak negative 
contour at ~1611 cm-1. There is a striking difference between the autocorrelation 
plots in Figure 6.17A and 6.17B. It can be observed that whereas the autopeaks 
(1593 and 1611 cm-1) are of similar strengths between pH 4-5.9, the autopeak at 
~1611 cm-1 is much weaker than ~1593 cm-1 above ~pH 6. It is also interesting to 
note in the 2D synchronous PCMW plot, the switch in contours signs between the 
lower and higher pH range in addition to the significant weakening of the autopeak 
at ~1611 cm-1 (Figure 6.15B). 
Both observations suggest that there is a marked difference between the two pH 
ranges (4-5.9) and (6.3-7.5) possibly due to changes in solvent exposure of the Tyr 
residue. However, it is difficult to suggest whether a hydrophobic environment 
dominates at the higher pH range or vice versa because of the opposing spectral 
intensity changes which may be arising from the same set of Tyr residues.  
What is obvious, however, is that MT3+1 is behaving differently from WTFab and 
MT2-1 where peak shifts linked to changes in hydrogen bond donation were 
observed. Consequently, it is reasonable to suggest that MT3+1’s higher stability 
above ~pH 5.5 might be linked to a significant change in solvent exposure.  
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With MT4+1, there is only one set of synchronous and asynchronous plots due to 
the lack of identification of a transition point. The synchronous plot has a four-leaf 
clover cluster, albeit with a broad autopeak at ~1635 cm-1 (Figure 6.18A).  
 
Figure 6.17 Synchronous plot (SP) and Asynchronous plot (AP) generated from the pH-
dependent UVRR spectra of MT3+1. (A) SP, pH 4-5.9 (B) SP, pH 6.3-7.5 (C) AP, pH 4-5.9 
(D) AP, pH 6.3-7.5. Shaded contours indicate negative cross peaks and unshaded contours 
indicate positive cross peaks. Positive cross peaks indicate two wavenumbers with 
perturbation induced intensity changes in the same direction (increasing or decreasing 
together). Negative cross peaks indicate two wavenumbers with perturbation induced 
intensity changes in opposite directions (one increasing and the other decreasing). 
Maximum contour level=4.  
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The asynchronous plot indicates a peak upshift and the maxima of the peak 
involved in the shift corresponds to the position between the cross peaks in the 
synchronous plot while the cross peaks indicate the boundaries of the shifted peak 
(Noda and Ozaki, 2005). Accordingly, the results indicate an upward peak shift 
from ~1617 cm-1 suggesting decreased hydrogen bond donation. From the 
synchronous 2DPCMW plot (Figure 6.15D), this peak shift occurs at ~pH 7. As 
previously mentioned, the decreased hydrogen bond donation might account for 
increased stability.  
 
Figure 6.18 Synchronous plot (SP) and Asynchronous plot (AP) generated from the pH-
dependent UVRR spectra of MT4+1 (A) SP, pH 4-7.5 (B) AP, pH 4-7.5. The red arrow shows 
the proposed peak shift direction. Shaded contours indicate negative cross peaks and 
unshaded contours indicate positive cross peaks. Positive cross peaks indicate two 
wavenumbers with perturbation induced intensity changes in the same direction 
(increasing or decreasing together). Negative cross peaks indicate two wavenumbers with 
perturbation induced intensity changes in opposite directions (one increasing and the 
other decreasing). Maximum contour level=4.  
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The lack of a transition point in the MT4+1 asynchronous 2DPCMW plot does not 
allow for a suggestion as to the reason for its lower stability below pH 5.5. The 
inability to detect a transition point might be due to its high solvent accessible area 
(SAS) compared to other mutants and WTFab (Ahmad, 2011). Its already high 
exposure to solvent might result in less marked spectral changes compared to a 
mutant with a lesser SAS. The autopeak at ~1635 cm-1 may also suggest changes 
in β-sheet hydrogen bonding as a Raman peak at ~1635 cm-1 has also been 
associated with β-sheet (Huang et al., 2006). 
6.4 Comparison of WTFab and Mutant Samples 
The combination of the 2DPCMW and 2D-correlation plots revealed the 
complexity of pH-dependent variations in the UVRR spectra of WTFab and its 
mutants. The results mainly suggest changes in hydrogen bonding and solvent 
exposure primarily due to the selective enhancement of Tyr residues in the 
spectra. Compared to all the mutants, WTFab appears particularly sensitive to 
variations in spectral intensities possibly due to pH-induced shifts in the maximum 
UV absorption wavelength of citrate buffer. The reduced effect in the mutants may 
be due to differences in the distribution of the citrate ions on the protein surface 
as a result of altered charge interactions. This sensitivity may also account for the 
enhanced clarity of the mutant 2DCA plots in general compared to that of WTFab.  
A decrease in hydrogen bond donation by Tyr appears to account for the increased 
stability of WTFab and MT2-1 above their pH transition point (Table 6.4). 
However, with MT2-1, the peak upshifts suggestive of decreased hydrogen bond 
donation is evidenced by autopeaks at different wavenumbers, demonstrating the 
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increased clarity of spectral changes provided by 2DCA. Decreased hydrogen 
donation was also attributed to the peak shift observed with MT4+1 at ~pH 7. 
Hydrogen bonding via Tyrosine OH groups have been shown to contribute to 
protein stability (Pace et al., 2001). Tyrosine can usually form two hydrogen bonds 
as hydrogen bond acceptor and donor via its sidechain hydroxyl group (Figure 
6.19).  
  
Figure 6.19 Structure of Tyrosine showing hydrogen bonding with water molecules as 
donor (using H atom) and acceptor using lone pair of electrons on its oxygen atom. 
 
However, it is twice as likely to act as a hydrogen bond donor than an acceptor; 
and the acceptor bonds are weaker possibly due to the delocalisation of one of the 
lone electron pairs in the aromatic ring (McDonald and Thornton, 1994). Baker & 
Hubbard 1994 showed that Tyr OH-groups are more likely to form bonds with 
water molecules than with back bone or side chain groups. They also showed that 
number of H-bonds associated with a Tyr side chain could vary from 0 to > 3 
Therefore, the decreased hydrogen bond donation between pH 5.5-7 likely refers 
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to the reduced number of H-bonds donated by the implicated Tyr residues to 
solvent. As discussed, the Fab proteins are more stable between pH 5.5-7. Thus, 
the reduced number of Tyr H-bonds being donated possibly signal a folded state 
of the protein and consequently, increased conformational stability.  
MT3+1 is distinguished from WTFab and the other mutants as its pH transition 
point and consequently, stability between pH 5-7 corresponds to a marked change 
in solvent exposure. This difference may be due to the location of its mutation on 
the variable light chain (VL) compared to other mutants with mutations on the 
heavy chain (Table 6.4). The MT1-1 results provided minimal insight due to very 
weak spectral variations, and this has been attributed to it having a lower SAS. 
However, there was evidence of Tyr peak changes as observed with the other 
mutants and WTFab.  
 Table 6.4 pH transition points and proposed stability mechanisms from 2DCA analysis  
 WTFab MT1-1 MT2-1 MT3+1 MT4+1 
Mutation 
site/residue 
 VH/Lys CH/Lys VL/Leu VH/Ser 
pH-transition 
point 























WTFab and its four surface charge mutants were examined using UVRR 
spectroscopy and 2DCA. At 244 nm, the buffer peaks did not interfere with the 
protein peaks in the spectra, thus allowing for the unrestricted analysis of the 
entire UVRR Fab spectra using 2DCA. Unlike the previous chapters, the spectral 
changes were generally less obvious, making the autocorrelation and synchronous 
2DPCMW plots more complex to interpret in conjunction with the spectra. The 
fragmented pattern of contours along the perturbation axis was addressed by 
using the asynchronous 2DPCMW plots to identify transition points in the data. 
This data segmentation improved the understanding of the synchronous 2DPCMW 
plots as well as the conventional 2D-correlation plots (synchronous and 
asynchronous). The identification of transition points between pH 5-6 is 
consistent with the previously observed stability points of WTFab and the four 
mutant samples above ~pH 5.5. However, 2DCA analysis of the UVRR spectra in 
these transition regions suggest a link between the stability of the samples and 
interactions involving Tyr residues. Specifically, the higher stability of WTFab, 
MT2-1 and MT4+1 above pH 5.5 might be linked to a decrease in hydrogen bond 
donation, whereas that of MT3+1 is possibly due to marked changes in solvent 
exposure. It was not possible to propose a mechanism for MT1-1 due to the weak 
nature of the observed spectral changes. Furthermore, the results suggest that the 
mutation of the charges may affect the sensitivity of UVRR signals as indicated by 
the spectral intensity variations of WTFab compared to the mutants.  
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7 General Discussion and Future 
Work 
The purpose of this research was to develop the application of Raman 
spectroscopy and 2D-correlation analysis to aid candidate selection and 
optimization during protein conformational stability screening, applicable in early 
drug development. By using different 2DCA tools (autocorrelation, synchronous 
and asynchronous plots as well as 2DPCMW synchronous and asynchronous plots) 
in combination with the acquired Raman spectra; it has been possible to obtain 
extensive information about the observed spectral changes to support the choice 
of the most stable protein(s) and/or conditions. The first two experimental 
chapters focused on applying the technique to model proteins. In subsequent 
chapters, the technique was applied to therapeutically relevant samples, and 
UVRR spectroscopy was used instead of conventional Raman spectroscopy in 
combination with 2DCA.  
7.1 Model Protein Samples  
Four model proteins were examined in pairs: αs-casein; dαs-casein and apohTf; 
holohTf. The rationale for the pairing was to investigate and compare the 
conformational stability of samples which have the same basic structure but with 
a known structural difference. By subjecting them to similar conditions, any 
observed differences in their stability behaviour may then be attributed to their 
distinct structural differences. This experimental design created a platform to 
investigate the capacity of the technique to aid the selection of a stable protein 
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candidate from amongst variants. Stability testing was carried out by perturbing 
the samples using pH and/or temperature. Due to time constraints, other 
perturbations such as storage and agitation were not applied as initially intended. 
Sample pH was conveniently adjusted over an extensive range with either NaOH 
or HCl. Significant spectral changes were visually observed at extremely acidic 
values for the hTf pair and alkaline pH values for the αs-casein pair. In contrast to 
pH studies, the temperature range was limited because it was not possible to attain 
temperatures beyond 65 °C. Nevertheless, some distinct spectral changes were 
also observed in the hTf temperature study. 
The application of 2DCA to the Raman spectra uniquely improved the elucidation 
of both subtle and visually evident spectral changes; allowing for the identification 
of transition points and the examination of limited regions or spectral features. 
Specifically, spectral changes indicative of peaks shifts and broadening have been 
clarified, thus enhancing the robustness of the overall spectral interpretation. 
7.1.1 Transition Points  
The identification of transition points along the perturbation axis of the 
synchronous 2DPCMW plots was invaluable in analysing the data. With the αs-
casein pair of samples, the transition points provided markers for differences in 
stability between the phosphorylated and dephosphorylated forms (Figure 3.5 
and 3.9). Secondary structure changes were observed to be less prominent in the 
presence of the phosphate residues from ~pH 6-9 than at 10-12. The limited 
unfolding of αs-casein at an earlier pH compared to dαs-casein has been attributed 
to the ‘shielding’ by the deprotonating dibasic phosphate groups on the serine side 
chain. Although the transition points in the case of the hTf samples could be better 
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identified from the spectra compared to the αs-casein samples, the 2D 
synchronous 2DPCMW plots offered a condensed and improved visualisation of 
these transition points. HolohTf and apohTf showed no significant difference in 
stability from pH 6-9. However, only holohTf showed an increase in β-sheet at ~pH 
9-11 possibly due to increased exposure of the backbone β-strands in the iron-
binding site prior to iron dissociation.  
7.1.2  Elucidation of Peak Shifts. 
With the αs-casein model (chapter 3), the initially proposed peak shift from ~1615 
to 1600 cm-1 from pH 10-12 was shown using synchronous and asynchronous 
plots to be due to two overlapping peaks with varying intensities. This 
understanding is notable as it proposes that the marker for deprotonation is not a 
peak shift as previously thought, but a drastic loss of intensity of the ~1615 cm-1 
peak at the expense of the ~1600 cm-1 peak.  
The use of these plots also led to a similar observation with holohTf (chapter 4), 
where the supposed peak shift at ~1660 cm-1 was shown to arise from variations 
in the intensities of overlapping peaks at ~1655 and 1683 cm-1 suggesting an 
additional conformational change at ~pH 2.6 linked with the removal of iron. 
These findings demonstrate the benefit of 2DCA, even where the interpretation of 
the spectral change appears evident from visual inspection. 
7.1.3 Preprocessing Specifications  
By far the most time-consuming aspect of this research was deciding on the 
specific parameters for each preprocessing method (baseline correction, 
smoothing, normalisation and solvent subtraction) as well as the sequence of 
application to the Raman spectra. The choices were decided by trialling different 
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sequences and parameters across the sample data sets. Kevin and Ryder (2017) 
previously pointed out the cumbersome nature of preprocessing the Raman 
spectra of biologic samples and emphasised the need to exercise restraint in 
attempting to try out several algorithms, but to instead focus on a few tested and 
tried processes. 
Preprocessing was not only necessary for reducing unwanted effects in the Raman 
spectra but also in the 2DCA plots. The importance of data treatment for obtaining 
reliable 2DCA plots has been extensively reviewed (Noda, 2004, Noda, 2014). For 
generalised 2D-correlation and 2DMW plots generated from the Raman spectra of 
model protein samples, preprocessing steps in the order of baseline correction, 
normalisation, smoothing and further baseline correction has been demonstrated 
as being adequate (Ashton et al., 2007, Ashton et al., 2006, Ashton et al., 2008). The 
sequence used in this study retained the order of the initial and further baseline 
correction. However, smoothing was carried out before normalisation and the 
performance of solvent subtraction before the final baseline correction (section 
2.3). Once the parameters and sequence were chosen, the methods were applied 
across the spectral sets, with necessary adjustments as in the case of performing a 
quartz spectrum subtraction after baseline correction for temperature-dependent 
spectra, in addition to the other preprocessing methods. 
7.2 Therapeutically Relevant Samples  
Five antibody fragment (Fab) samples including a wildtype (WTFab) and four 
surface charge mutants (MT1-1, MT2-1, MT3+1 and MT4+1) were obtained from 
CIMEMT. Again, the samples had the same basic structure except for the different 
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charge mutations in the samples. In these studies, the pH-perturbation range was 
much narrower and near the neutral region and so compared to the model 
proteins, the spectral changes were less evident visually. The choice of the 
perturbation range was informed by suggestions from CIMEMT based on previous 
work using other techniques. 
7.2.1 Buffer Effects 
In addition to a narrow pH range, another difference between the study of the 
therapeutically relevant samples and that of the model proteins was the method 
of pH control. Three different buffers (sodium acetate, sodium citrate and sodium 
phosphate) were used to control pH. The reason for the number was partly due to 
the buffering capacity of the specific buffers, as well as the need to investigate and 
compare the buffer dependent effects at pH 4.5 and 5.5 on the Fab stability.  
The use of these buffers introduced additional spectral complexity compared to 
the pH control using acid and base solutions. Each buffer had at least three 
separate Raman peaks in the same region (~800-1500 cm-1) as the protein peaks. 
Furthermore, at pH 4.5 and 5.5, the spectra of sodium acetate and sodium citrate 
showed pH-dependent peak intensity variations.  
 
The buffer subtraction process proved challenging and was at its best partial. 
Sodium phosphate retained two (875 and 1077 cm-1) out of the three peaks while 
acetate and citrate buffer retained one peak (927 and 1415 cm-1 respectively) out 
of four peaks at pH 5.5 (section 5.3.2). Thus, the subtraction of the different buffer 
spectra from their associated Fab spectra did not produce a uniform outcome, 
which is imperative for an objective comparison of the spectra. While it may have 
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been possible to try out buffer subtraction using other levels of buffer dilution, the 
different response at this dilution implies that the issue is not necessarily with the 
dilution but with the intrinsic nature of the buffer peaks. The variations in the 
buffer subtraction process were addressed by performing water subtraction 
instead. The retention of buffer peaks in the water subtracted Fab spectra 
potentially provided a view of the presence of the buffer ions with the protein in 
solution and not just the effect of the buffer protein interaction; as would be 
applicable with buffer subtracted Fab spectra where buffer peaks are removed. 
Differences between the interaction of citrate and acetate ions were observed in 
chapter 5, where WTFab showed a decreased peak intensity at ~1337 cm-1 (pH 4.5 
and 5.5) in citrate buffer but not in acetate buffer (Figure 5.8). This observation 
has been attributed to a more extensive interaction of citrate ions with α-helix-
side chains due to their preferential accumulation on the WTFab surface.  
Furthermore, all the mutant samples exhibited similar stability behaviour to 
WTFab in citrate buffer (pH 4.5 and 5.5) but not in acetate buffer, thus 
demonstrating buffer dependent interactions. The compromise in retaining the 
buffer peaks was that buffer overlapped protein peaks could not be 
unambiguously analysed for pH-induced changes in the Fab. Therefore, the use of 
2DCA in chapter 5 was limited due to the identification of only two wholly protein 
peak intensity variations. Understandably, the issue of the different overlapping 
buffer peaks interfering with 2DCA analysis will be negligible where the applied 
perturbation is not pH. For example, where the perturbation is temperature, 
concentration, agitation or storage, a single buffer at a specific pH can be used. If 
buffer subtraction is not feasible or partial so that the buffer peaks still overlap the 
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protein peaks, they will not be expected to change significantly across the spectra 
and therefore will have a minimal impact on the 2DCA analysis. Nevertheless, the 
presence of overlapped buffer peaks with protein peaks will still be challenging for 
spectral interpretation. 
7.2.2  Stability Deductions 
Notwithstanding the buffer influence, the pH-induced Raman spectral variations 
revealed that WTFab and the four mutant samples exhibited a loss of β-sheet and 
a change in α-helix orientation at pH 4.5 and 5.5 (citrate buffer) compared to 
neutral pH (water and phosphate buffer). Only WTFab and MT4+1 showed similar 
pH-dependent behaviour in acetate buffer (pH 4.5 and 5.5). This observation has 
been attributed to the similarity in the profiles of their ionized carboxyl groups as 
well as their solvent accessible area. Despite having different charge mutations, 
MT3+1 and MT1-1 were both stable in acetate buffer at pH 4.5 and 5.5, whereas 
MT2-1 was only stable at ~pH 5.5. Since all three samples displayed no difference 
in their ionized carboxyl profile, MT2-1 may also be stable at ~pH 4.5, as shown 
from the reconstituted freeze-dried sample spectra. Therefore, the peak at ~1415 
cm-1 may be used as a predictor of buffer-dependent behaviour.  
Apart from MT1-1, all the other Fab samples showed no increase in β-sheet in 
phosphate buffer, and this has been linked with its increasing tendency to 
aggregate compared to the other mutants (Ahmad, 2011). Using the Phe peak 
(~1003 cm-1) in the difference spectra, MT1-1 and MT2-1 were predicted to have 
an increased tendency to aggregate compared to MT3+1 and MT4+1 (Figure 5.14). 
The distinct behaviour of MT1-1 in phosphate buffer may also be signalling this 
tendency. A direct comparison of the freeze-dried sample spectra with the solution 
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spectra was challenging due to the differences in the peak shapes. However, the 
peak shapes in the spectra of the reconstituted samples were analogous with the 
solution spectra. The stability of freeze-dried MT2-1 when reconstituted was not 
significantly different from the MT2-1 solution, except in phosphate buffer where 
an increase in β-sheet was observed. MT3+1 also showed a marked difference in 
stability between solution and freeze-dried reconstituted forms in phosphate 
buffer and acetate buffer linked to α-helix unfolding and β-sheet aggregation 
respectively.  
7.3 UVRR spectroscopy  
UVRR spectroscopy, a form of Raman spectroscopy was used in chapter 6 to 
address the issue of buffer interference since weak UVRR vibrational modes are 
typically observed for buffers. In addition to overcoming the buffer interference, 
there was also a considerable reduction of the solution spectra collection time 
from 30 min per spectra in the Raman spectroscopic studies to ~2 mins in the 
UVRR study. The time savings offered by UVRR spectroscopy is accompanied with 
limited but specific information based on the wavelength applied. Furthermore, 
due to the reduced background interference, the preprocessing methods applied 
to the UVRR spectra were minimal and thus determining the sequence of their 
application was less time consuming compared to the Raman spectra. 
7.3.1 Transition Points. 
In contrast to the Raman spectroscopic studies where it was adequate to use the 
synchronous 2DPCMW plots to identify transitions points, the fragmented pattern 
of the contours necessitated the use of asynchronous 2DPCMW plots to identify 
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the transition points in the data. The corresponding pH values were ~5.2, 6.3, 5.5 
and 5.9 for WTFab, MT1-1, MT2-1 and MT3+1, respectively. Interestingly, none 
was identified for MT4+1 and this is possibly explained by it having the highest 
solvent accessible area (SAS) compared to the other samples such that its spectral 
changes are less marked compared to one with a lower SAS. It was also notable 
that the transition pH values ranged between ~5-6 coinciding with the previous 
observations of increased stability above pH 5.5 using Raman spectroscopy 
(chapter 5). 
This consistency of the UVRR spectroscopy results with the Raman spectroscopy 
results despite the dominance of the UVRR spectra by aromatic residues 
demonstrates the unique contribution of 2DCA. It is interesting to note that not 
only did the transition points link with increased stability, but they were also 
markers for changes in peak shift direction (WTFab), peak intensity direction 
(MT3+1) and autopeak positions (MT2-1).  
7.3.2 Elucidation of Peak Shifts 
Unlike the model protein studies were dramatic spectral changes led to an initial 
proposal of peak shifts, the spectral changes in the UVRR spectra could not be 
detected visually and so were only considered following the application of 2DCA. 
The presence of peak shifts was detected using synchronous and asynchronous 
plots generated from the groups of spectra as defined by the respective transition 
points. The difficulty of using the generalised 2D-correlation asynchronous plots 
to distinguish between a single shifting peak and a peak shift due to overlapping 
peak intensities in real-life spectra has been extensively discussed (Noda, 2014a, 
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Noda, 2012). Indeed, there has been the development of PCA based methods which 
can verify the exact nature of the peak shifts (Ryu et al., 2010, Ryu and Jung, 2011).  
In many cases where such methods have been applied to temperature and 
concentration induced changes in IR experimental data, the observed peak shifts 
have been reported as being due to changes in overlapping peak intensities (Noda, 
2012, Ryu et al., 2011). However, when such methods are applied to simulated 
spectra with a single peak shift, the results are consistent with the characteristic 
asynchronous contour patterns for peak shifts (Ryu et al., 2010, Ryu et al., 2011). 
Hence, it has been recommended that these PCA based methods be used in 
addition to synchronous and asynchronous plots to clarify if a peak shift change is 
arising from overlapped peaks with intensity changes (Ryu and Jung, 2011, Noda, 
2014a). As discussed for the Fab samples (Table 6.3), there are overlapping Tyr 
peaks in the examined region (~1550-1620 cm-1). No peak shifts were indicated 
for MT1-1 and MT3+1. The contours for MT1-1 were weak while the contour 
patterns for MT3+1 clearly indicated overlapping peak intensity changes.  
In contrast, the asynchronous butterfly contour pattern for MT2-1 signalled a peak 
shift. In addition, the two sets of autopeaks with different positions in each of the 
spectra groups (defined by the transition point) was attributed to the presence of 
overlapping peak shifts. The asynchronous butterfly contour pattern in the WTFab 
plot appeared to be influenced by spectral broadening while MT4+1 had a 
characteristic butterfly pattern attributable to a peak shift. 
While it was not possible to delineate the nature of the peak shift using the 
verification methods, it is worth noting the presence of paired contours with 
opposite signs in the synchronous 2DPCMW plots of WTFab, MT2-1, MT3+1 and 
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MT4+1 (Figures 6.6B, 6.11D, 6.15B and 6.15D). These contours correspond to the 
wavenumbers of Tyr peaks and are indicative of changing peak intensities in 
opposite directions. Nevertheless, only the asynchronous plots for MT3+1 clearly 
specifies the presence of overlapping peak intensity changes. In contrast, the other 
sample plots denote peak shifts thus highlighting a degree of discrimination 
between the ability of the synchronous 2DPCMW and 2D-synchronous and 
asynchronous plots to identify peak shifts (Ryu et al., 2011). Furthermore, the 
clarification of the apparent peak shifts in αs-casein and holohTf spectra as being 
due to the presence of overlapping peaks with changing intensities based on the 
asynchronous contour patterns also demonstrates that peak shifts due to the 
presence of overlapping peaks with changing intensities can be clearly 
distinguished (Figures 3.8 and 4.10). Therefore, it is likely that the asynchronous 
butterfly patterns observed in the UVRR Fab spectra are signalling single shifting 
peaks and thus can be interpreted using the rule described in section 6.3.3.3. 
Accordingly, peak shift directions in the UVRR Fab spectra were determined and 
linked with changes in hydrogen bonding. MT2-1, MT4+1 and WTFab 
demonstrated a decrease in hydrogen bond donation above their transition pH. 
This observation has been proposed as accounting for their higher stability above 
pH 5.5. The stability of MT3+1 above pH 5.5, on the other hand, has been linked to 
a marked change in solvent exposure. 
7.4 Future Work 
The crucial role of pH in monitoring protein stability and the central place of 
buffers in the pH control of protein drugs places a demand on the utility of Raman 
spectroscopy and 2DCA in protein drug development. The complication of protein 
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spectra by the presence of other components including buffers is a frequently 
encountered problem even with more routinely used techniques like CD, UV and 
IR spectroscopies (Houde and Berkowitz, 2014, Pelton and McLean, 2000). Such 
interferences are usually addressed by measures including solvent subtraction, 
using low concentrations and restricting the wavelength range (Dong et al., 1995, 
Pelton and McLean, 2000, Greenfield, 1996). In addition, through prior testing and 
screening the choice of the sample components can be substituted for others with 
less interference where possible (Houde and Berkowitz, 2014, Greenfield, 1996, 
Pelton and McLean, 2000).  
Consequently, evaluation and development of similar approaches relevant to 
Raman spectroscopy will prove useful in embracing its application for protein 
stability screening. The results have shown that in addition to having Raman peaks 
in the protein peak regions buffers also influence structural changes. Therefore, it 
will be worthwhile to establish a baseline in aqueous solutions before the addition 
of any buffers. In this case, pH control can be initially achieved using acid and base 
as was shown for the model proteins without the spectral signature of buffers 
interfering with the protein Raman spectra or 2DCA. UVRR spectroscopy is 
promising as it offers a way to overcome the buffer influence on the spectra. The 
choice of wavelength can be informed by the observed structural changes using 
Raman spectroscopy. 
 Furthermore, other perturbations relevant to protein stability, including 
concentration, agitation and storage, can be explored. Although the concentration 
of the solution samples (~10 mg/ml) was higher than is applicable for most of the 
currently used techniques; there is scope to exploit the sensitivity of Raman 
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spectroscopy at even higher protein concentrations to achieve shorter acquisition 
times. The possibility of acquiring spectra simultaneously at multiple perturbation 
points will also be less time consuming and attractive for routine use. Finally, it 
would be advantageous to incorporate some statistical testing with 2DCA so that 
the statistical significance of any identified perturbation-induced changes can be 
evaluated. 
7.5 Concluding Remarks 
This research demonstrates that the combined technique of Raman spectroscopy 
and 2DCA can facilitate the identification of the most stable protein candidate(s) 
or conditions. In addition to standard Raman spectral interpretation, the use of 
2DCA to identify transitions points and examine spectral regions of interest 
provided detailed information about complex spectral changes. This utility offers 
a compelling incentive for proposing their addition to the current toolbox for 
monitoring protein conformational stability during early drug development. The 
research emphasizes the central role of preprocessing Raman spectra in the 
adoption of these techniques. The level of clarity obtainable via preprocessing 
influences Raman spectra interpretation and ultimately 2DCA. As perturbation is 
central to the operation of 2DCA, the ideal preprocessing outcome is that the data 
should only include perturbation-induced spectral changes that are associated 
with the protein. Where the spectral changes indicate that a non-protein 
component of the samples varies significantly with the perturbation, and 
dominates the 2DCA plots, the benefit of combining 2DCA with Raman 
spectroscopy may not be realised. The same limitation is applicable if the spectral 
changes are restricted to a certain perturbation point or if they can be adequately 
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explained by visual inspection alone. In the case of overlapping buffer peaks, UVRR 
spectroscopy is an alternative technique that can be applied. In summary, the 
successful application of Raman spectroscopy and 2DCA to conformational 
stability screening during early drug development will be substantially contingent 
on the nature of the perturbation-induced spectral variations whether they are 
competing, complex, or confined.  
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Appendix A 
pH-dependent Raman spectra (~640-1700 cm-1) of Fab mutant samples (MT1-1, 
MT2-1, MT3+1 and MT4+1) in water and buffers (sodium phosphate (NaP), sodium 




Figure A-1 Averaged (n=3) Raman spectra of 10 mg/ml MT1-1 (A) MT1-1 in water (pH 
6.9), Ac (pH 4.5 and 5.5) and NaP (pH 7) (B) MT1-1 in water (pH 6.9), Cit (pH 4.5 and 5.5) 
and NaP (pH 7). Preprocessing was carried out by baseline correction, smoothing, 
normalization, water subtraction and further baseline subtraction. Each Raman spectrum 
was collected in 30 mins using an excitation length of 785 nm. Buffer peaks are shaded 




Figure A-2 Averaged (n=3) Raman spectra of 10 mg/ml MT2-1 (A) MT2-1 in water (pH 
7.1), Ac (pH 4.5 and 5.5) and NaP (pH 7) (B) MT2-1 in water (pH 7.1), Cit (pH 4.5 and 5.5) 
and NaP (pH 7). Preprocessing was carried out by baseline correction, smoothing, 
normalization, water subtraction and further baseline subtraction. Each Raman spectrum 
was collected in 30 mins using an excitation length of 785 nm. Buffer peaks are shaded 





Figure A-3 Averaged (n=3) Raman spectra of 10 mg/ml MT3+1 (A) MT3+1 in water (pH 
6.9), Ac (pH 4.5 and 5.5) and NaP (pH 7) (B) MT3+1 in water (pH 6.9), Cit (pH 4.5 and 5.5) 
and NaP (pH 7). Preprocessing was carried out by baseline correction, smoothing, 
normalization, water subtraction and further baseline subtraction. Each Raman spectrum 
was collected in 30 mins using an excitation length of 785 nm. Buffer peaks are shaded 





Figure A-4 Averaged (n=3) Raman spectra of 10 mg/ml of MT4+1 (A) MT4+1 in water (pH 
6.8), Ac (pH 4.5 and 5.5) and NaP (pH 7) (B) MT4+1 in water (pH 6.8), Cit (pH 4.5 and 5.5) 
and NaP (pH 7). Preprocessing was carried out by baseline correction, smoothing, 
normalization, water subtraction and further baseline subtraction. Each Raman spectrum 
was collected in 30 mins using an excitation length of 785 nm. Buffer peaks are shaded, 




2DCA of the pH-dependent Raman spectra of Fab mutant samples (MT1-1, MT2-




Figure B-1 2DCA of the pH-dependent Raman spectra of MT1-1 in water (pH 6.9), Cit (pH 
4.5 and 5.5) and NaP (pH 7). (A) Autocorrelation (B) Synchronous 2DPCMW plot. Protein 
autopeaks are labelled in black. Positive contours are shaded in red while negative 
contours are shaded in blue. Positive contours indicate increasing peak intensities in the 
direction of the perturbation while negative contours indicate decreasing peak intensities 
in relation to the perturbation. A darker shade and an increased number of contours 
indicate a relatively greater change in intensity. The scale on the colour bar is arbitrary. A 







Figure B-2 2DCA of the pH-dependent Raman spectra of MT2-1 in water (pH 7.1), Cit (pH 
4.5 and 5.5) and NaP (pH 7). (A) Autocorrelation (B) Synchronous 2DPCMW plot. Protein 
autopeaks are labelled in black. Positive contours are shaded in red while negative 
contours are shaded in blue. Positive contours indicate increasing peak intensities in the 
direction of the perturbation while negative contours indicate decreasing peak intensities 
in relation to the perturbation. A darker shade and an increased number of contours 
indicate a relatively greater change in intensity. The scale on the colour bar is arbitrary. A 





Figure B-3 2DCA of the pH-dependent Raman spectra of in MT3+1 in water (pH 6.9), Cit 
(pH 4.5 and 5.5) and NaP (pH 7). (A) Autocorrelation (B) synchronous 2DPCMW plot. 
Protein autopeaks are labelled in black. Positive contours are shaded in red while negative 
contours are shaded in blue. Positive contours indicate increasing peak intensities in the 
direction of the perturbation while negative contours indicate decreasing peak intensities 
in relation to the perturbation. A darker shade and an increased number of contours 
indicate a relatively greater change in intensity. The scale on the colour bar is arbitrary. A 





Figure B-4 2DCA of the pH-dependent Raman spectra of MT4+1 in water (pH 6.8), Cit (pH 
4.5 and 5.5) and NaP (pH 7). (A) Autocorrelation (B) synchronous 2DPCMW plot. Protein 
autopeaks are labelled in black. Positive contours are shaded in red while negative 
contours are shaded in blue. Positive contours indicate increasing peak intensities in the 
direction of the perturbation while negative contours indicate decreasing peak intensities 
in relation to the perturbation. A darker shade and an increased number of contours 
indicate a relatively greater change in intensity. The scale on the colour bar is arbitrary. A 
moving window size of 3 and a maximum number of 4 contours was applied. 
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